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Abstract 
This topical review will provide a survey of the current state of the art in ‘hyphenated’ techniques for 
characterisation of bulk materials, surface, and interfaces, whereby two or more analytical methods 
investigating different properties are applied simultaneously to the same sample to better 
characterise the sample than can be achieved by conducting separate analyses in series using 
different instruments.  It is intended for final year undergraduates and recent graduates, who may 
have some background knowledge of standard analytical techniques, but are not familiar with 
‘hyphenated’ techniques or hybrid instrumentation.   
The review will begin by defining ‘complementary’, ‘hybrid’ and ‘hyphenated’ techniques, as there is 
not a broad consensus among analytical scientists as to what each term means.  The motivating 
factors driving increased development of hyphenated analytical methods will also be discussed.  This 
introduction will conclude with a brief discussion of gas chromatography-mass spectroscopy and 
energy dispersive X-ray analysis (EDX) in electron microscopy as two examples, in the context that 
combining complementary techniques for chemical analysis were among the earliest examples of 
hyphenated characterisation methods. 
The emphasis of the main review will be on techniques which are sufficiently well-established that the 
instrumentation is commercially available, to examine physical properties including physical, 
mechanical, electrical and thermal, in addition to variations in composition, rather than methods 
solely to identify and quantify chemical species.  Therefore, the proposed topical review will address 
three broad categories of techniques that the reader may expect to encounter in a well-equipped 
materials characterisation laboratory: microscopy based techniques, scanning probe based 
techniques, and thermal analysis based techniques. 
Examples drawn from recent literature, and a concluding case study, will be used to explain the 
practical issues that arise in combining different techniques.  We will consider how the 
complementary and varied information obtained by combining these techniques may be interpreted 
together to better understand the sample in greater detail than that was possible before, and also 
how combining different techniques can simplify sample preparation and ensure reliable comparisons 
are made between multiple analyses on the same samples – a topic of particular importance as 
nanoscale technologies become more prevalent in applied and industrial research and development.  
The review will conclude with a brief outline of the emerging state of the art in the research 
laboratory, and a suggested approach to using hyphenated techniques, whether in the teaching, 
quality control or research and development laboratory. 
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1 Introduction 
This topical review will provide a survey of the current state of the art in ‘hyphenated’ techniques for 
characterisation of bulk materials, surface, and interfaces, whereby two or more analytical methods 
investigating different properties are applied simultaneously to the same sample to better 
characterise the sample than can be achieved by conducting analyses in series using separate 
‘complementary’ analytical techniques.  The review is intended for final year undergraduates and 
recent graduates, who may have some background knowledge of standard analytical techniques, but 
are not familiar with ‘hyphenated’ techniques or hybrid instrumentation.  Given the diverse range of 
such hyphenated techniques reported in the scientific literature, and the rate of progress in the state 
of the art, the focus of this topical review will be on techniques which are sufficiently well-established 
that the instrumentation is commercially available, that the reader may expect to encounter in a well-
equipped materials characterisation laboratory. 
The review will begin by defining ‘complementary’, ‘hybrid’ and ‘hyphenated’ techniques, as there is 
not a broad consensus among analytical scientists as to what each term means.  The motivating 
factors driving increased development of hyphenated analytical methods will also be discussed.  This 
introduction will conclude with a brief discussion of gas chromatography-mass spectroscopy and 
energy dispersive X-ray analysis (EDX) – a standard microanalysis techniques applied to electron 
microscopy – as two examples of widely-known hyphenated techniques, because combining 
complementary techniques for chemical analysis were among the earliest examples of hyphenated 
characterisation methods. 
In current materials science, the emphasis in developing new hyphenated techniques for materials 
characterisation is to examine physical properties including physical, mechanical, electrical and 
thermal, in addition to variations in composition, rather than methods solely to identify and quantify 
chemical species.  Therefore, three broad categories of techniques will be addressed in turn: 
microscopy based techniques, scanning probe based techniques, and thermal analysis based 
techniques.  Some knowledge of standard analytical techniques - thermal analysis, optical and 
scanning electron microscopy, spectroscopy, and chromatography - will be assumed on the part of 
the reader, but the basic principles underlying each analytical technique discussed will be reviewed 
briefly at the outset.  Correlated light-electron microscopy, an emerging hyphenated technique, will 
be described briefly, but is not discussed in detail as a recent review has appeared elsewhere (de 
Boer et al 2012). 
As far back as 1980, Hirschfield observed that the "...rising tide of alphabet soup threatens to drown 
us...” (Hirschfield, 1980).  This situation has not changed in the intervening years: progress in 
developing new hyphenated and hybrid analytical techniques, and applying them to solving new 
problems in materials science, continues unabated.  Therefore, this review will focus primarily on the 
commercially available hyphenated and hybrid techniques that a recently graduated analyst or new 
graduate student might expect to encounter in a well-equipped materials characterisation laboratory.  
The main emphasis will be on techniques to examine physical properties including physical, 
mechanical, electrical and thermal), in addition to variations in composition, rather than methods 
solely to identify and quantify chemical species.  Characterisation of biological materials is of 
secondary concern, as the instrumentation and methods that are used for biological samples are 
appreciably different to those typically encountered in materials science.  This is because many 
biological sample characterizations are better performed in their native liquid environment, so sample 
preparations and characterization instruments have to be modified to suit such experiments.  For 
example, in order to observe live processes in biological cells using atomic force microscopy based 
techniques (discussed later in Section 4), these samples have to be immobilized on a substrate to 
avoid dislodging them during imaging under liquid growth medium. (Kailas et al 2009). 
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Examples drawn from recent literature, and a final case study, are presented to illustrate the practical 
issues that arise in combining different techniques, how the complementary and varied information 
obtained by combining these techniques may be interpreted together to better understand the 
sample in greater detail than that was possible before, and also how combining different techniques 
can simplify sample preparation and ensure reliable comparisons are made between multiple analyses 
on the same samples – a topic of particular importance as nanoscale technologies become more 
prevalent in applied and industrial research and development.  The review will conclude with a brief 
outline of the emerging state of the art in the research laboratory, and a suggested approach to using 
hyphenated techniques based on the authors’ past experience of using these techniques, whether in 
the teaching, quality control or research and development (R&D) laboratory. 
1.1 Definitions and Rationale 
At the outset, it is necessary to define what is meant by ‘complementary’, ‘hybrid’ and ‘hyphenated’ 
analytical techniques; indeed, these terms mean different things to different scientists, and are often 
used interchangeably.  We will then consider which analytical techniques can be usefully combined, 
and what the advantages of combining them are. 
Throughout this topical review, ‘complementary’ analysis means applying two or more analytical 
techniques to same sample separately; the data obtained from each technique is subsequently 
combined and interpreted together to explain the results obtained from each.  In earlier literature, 
‘hybrid’ or ‘hyphenated’ analysis was understood to mean chromatographic separation of the 
components present in a sample, plus identification of components isolated, e.g. gas chromatography 
combined with mass spectroscopy (GC-MS, discussed below in Section 1.2).  Equally, some hybrid 
techniques have become so ubiquitous that users often do not think of them as a combination of two 
distinct techniques, such as the routine use of energy dispersive x-ray analysis (EDX) in scanning 
electron microscopy (SEM); SEM-EDX is discussed in Section 1.3.  In this review, ‘hyphenated 
analysis’ refers to two or more analytical techniques combined in a single experiment; each technique 
may be applied to the sample analysed sequentially or simultaneously.  ‘Hybrid technique’ refers to a 
single instrument design such as SEM-EDX in which two or more analytical techniques have been 
integrated.  In modern materials analysis, complementary or hyphenated techniques can consist of 
any combination of two or more methods for separation, microscopy, spectroscopic identification or 
thermal analysis. 
An ever-growing range of characterization techniques are available to materials scientists to help us 
investigate the physical, chemical, mechanical, thermal and electrical properties of materials in detail.  
Microscopy techniques can be light-based (e.g. optical microscopy), electron beam based (e.g. SEM) 
or scanning probe based (e.g. atomic force microscopy AFM) and these provide detailed structural 
information about materials.  Thermal analysis techniques such as differential scanning calorimetry 
(DSC) and thermogravimetric analysis (TGA) allow us to analyse thermal transitions involving mass 
change, heat flux and changes of state quantitatively.  Spectroscopy techniques including infrared 
spectroscopy, Raman Spectroscopy, Mass Spectrometry (MS) or EDX give information about the 
chemical state and composition of surfaces.  Therefore, the review that follows is subdivided into 
three main parts: hyphenated and hybrid techniques based on optical and electron microscopy, 
scanning probe based techniques, and techniques based on thermal analysis methods. 
In materials science, many scientific, technical and economic factors have motivated the development 
of hyphenated analytical techniques.  For most samples, a single stand-alone analytical technique 
does not provide sufficient information to fully understand the material’s structure and physical 
properties.  Complementary information obtained from different techniques is usually evaluated 
together to comprehend various material systems, their structure and functions, and their interaction 
with other systems.  However, there are practical limitations to conducting separate analyses in series 
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using different instruments on the same material.  Transferring samples between two instruments can 
lead to damage of soft or delicate samples, either during the sample transfer or due to changes in the 
environment to which the sample is exposed (e.g. temperature, humidity, pressure) that can have a 
detrimental effect on material properties.  Also, different sample preparations may be required for 
different instruments.  For example, SEM analysis normally requires non-conductive samples to be 
metal coated to prevent build-up of electrostatic charge at the surface that interferes with imaging 
the sample, whereas an uncoated surface is needed for IR or Raman spectroscopy.  It is often 
difficult to locate the same observed point of interest after sample transfer to another instrument, 
especially at the nano-scale, and one might have to search laboriously to get back the same point of 
interest or risk analysing a completely different sample region (Smith 2012). 
These practical limitations have driven the need for integrated characterization instrumentation where 
multiple analytical techniques are brought together in one combined system, or two instruments are 
coupled together for co-localised analysis.  In these ‘hybrid’ or ‘hyphenated’ systems, simultaneous 
measurements can be conducted in the same area of interest which yields consistent data, even 
when the sample is changing with time.  Such simultaneous analysis can also lead to reduction of 
artefacts.  In response to these limitations, instrument manufacturers have introduced new 
hyphenated techniques for qualitative and quantitative analysis that offer superior selectivity and 
sensitivity than existing methods.  Multi-functional methods have been developed to allow 
simultaneous analyses to be conducted on a single specimen.  This is particularly of interest in 
forensic or research and development applications, where only small quantities of sample may be 
available, but also in routine testing and quality control where significant savings in analysis time and 
cost can be achieved.  For the same reason, there is considerable interest in developing automated 
multi-functional techniques and applying automated hyphenated techniques to on-line process and 
quality control. 
1.2 An early example: Gas chromatography – mass spectroscopy (GC-MS) 
Gas chromatography (GC) is widely used in many areas of materials science to separate and quantify 
volatile compounds and mixtures because it offers high sample throughput with exceptional sensitivity 
- trace analysis of pictogram quantities of certain compounds is possible (Rouessac and Rouessac 
2007).  However, a standard GC does not provide any information about the composition of the 
compounds present in the sample.  To overcome this, a variety of hyphenated techniques have been 
developed to add detectors that offer chemical structural data during GC analysis.  Among these, gas 
chromatography – mass spectroscopy (GC-MS) is the most widely adopted, to the point where it has 
become, for example, the gold standard technique for sample analysis in forensic science (Sansom 
2016). 
The quadrupole mass filter-type mass spectrometer (MS) most widely used in GC-MS applications 
because it is applicable to all analytes, identifies analytes in addition to quantifying them, is efficient 
in operation and is easy to use; a typical configuration is shown in Figure 1.  The liquid sample is 
injected into a heated injection port, which is swept by a flow of inert carrier gas (usually helium).  
The vapour produced by heating the sample is passed through a capillary column filled with a high 
molecular weight non-volatile oil (the ‘stationary phase’; many different stationary phases are 
available to suit the type of samples being analysed) contained within an oven.  The chemical species 
present in the carrier gas stream are separated as they pass through the column based on their 
partition between the stationary phase and the carrier gas.  As each component elutes, it enters the 
MS’s ion source where it is bombarded with a beam of high-energy electrons, generating positively 
charged molecular ions.  These are separated according to their m/z ratio, where m and z are the 
molecular ion’s mass and charge, respectively, and detected using an electron multiplier.  The 
mass/charge ratios charted to give the mass spectrum.  Unknown peaks can be identified quickly by 
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comparison with a library of mass spectra.  The final data set obtained is a chromatograph, showing a 
peak at each time after injecting the sample (‘retention time) for each component eluted from the 
column, and a corresponding identification of each peak obtained from its mass spectrum (Fowlis 
1995, Leonard et al 1995). 
 
1. Thermal Desorption Unit 
2. Oven 
3. Capillary Column (30 m, 0.1 mm i.d., silica 
stationary phase) 
4. Filament (generates electron beam) 
5. Anode and Vacuum  
 
6. Accelerating Plates 
7. Focusing Slit 
8. Electrode Array 
9. AC & DC Generator 
10. Electron Multiplier 
11. Computer or Integrator 
Figure 1: Configuration of a typical Gas Chromatograph-Mass Spectrometer (GC-MS) 
system. 
An example of GC-MS analysis used to study the efficacy of recycling glass fibre composite by 
solvolysis is presented in Figure 2 (Eurecomp 2012).  Solvolysis to a thermo-chemical process leading 
to depolymerisation, using water at elevated temperature and pressure to depolymerise the resin in 
the composite and extract it from the glass fibre reinforcement.  In this study, both the water and 
organic ‘tar’ remaining with the fibres were analysed for the presence of benzoic acid; benzoic acid 
would be expected to be found as the degradation product of the resin if the solvolysis reaction ran to 
completion.  The gas chromatographs obtained for the water and tar fractions recovered after 
solvolysis may be seen in Figure 2(a) and 2(b) respectively.  The peaks obtained from the products of 
the solvolysis process are presented on the gas chromatograph in order of their retention time on the 
GC’s column, with the peak intensity recorded on the mass spectrometer in arbitrary units on the Y 
axis.  The peaks occurring at a retention time of 21 minutes were matched to benzoic acid by 
comparing the MS spectrum obtained for each peak to a library of spectral data.  It is also possible to 
estimate the concentration of analytes present from the area under the eluted peaks; in this study, 
the concentrations of benzoic acid present in the fractions ranged from 229 to 1348 ppm, depending 
on solvolysis conditions. 
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(a)  
(b) 
 (c) 
 
Figure 2: GC-MS analysis of aqueous (a) and organic tar (b) fractions recovered from 
recycling of glass fibre composite by solvolysis.  The peaks at retention time 21 minutes 
were identified as benzoic acid by comparing the MS spectrum obtained for each peak 
with library data.  (c) Library MS spectrum for benzoic acid (NIST 2016). 
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1.3 Scanning electron microscopy – energy dispersive x-ray analysis (SEM-EDX) 
One of the most commonly used techniques for looking at the surfaces of materials in order to obtain 
a 2D surface image is scanning electron microscopy (SEM).  SEM is an electron beam based imaging 
technique where a focused beam of electrons interacts with atoms in the sample.  These electron-
sample interactions result in a variety of signals among which secondary electrons emitted from very 
close to the sample surface and back-scattered electrons emerging from deeper inside the sample 
surface are two of the more common signals used for surface imaging (Joy 1997, Vernon-Perry 
2000).  The secondary electron (SE) detector collects the inelastically scattered secondary electrons 
close to the sample surface and generates high resolution images of the surface.  The back scattered 
electron (BSE) detector collects the elastically scattered electrons from atoms below the sample 
surface and helps to generate images that contain compositional information.  Since heavy elements 
with high atomic number backscatter electrons more strongly than light elements with low atomic 
number, BSE images show contrast between areas with different chemical compositions. 
Other signals produced by electron-sample interactions, such as x-rays, diffracted backscattered 
electrons, and visible light, are used to obtain more information about properties of the sample 
system.  An SEM can be equipped for energy dispersive X-ray (EDX) spectroscopy by which chemical 
characterization or elemental analysis of samples can be carried out.  For EDX analysis, the signal 
detected are the characteristic X-rays emitted when the electron beam displaces an electron from the 
inner shell of the atom and the vacancy is filled by an electron from the outer shell.  A schematic of a 
SEM-EDX system is presented in Figure 3.  Electron backscatter diffraction (EBSD) can be used to 
obtain crystallographic information about the microstructure of the sample. BSE images can be used 
for quick discrimination of phases while EBSD will provide better phase discrimination in multiphase 
systems.  A detailed discussion of the components inside a typical SEM may be found in Goldstein et 
al (1992). 
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Figure 3: Schematic of a typical scanning electron microscope (SEM) fitted with an 
energy dispersive X-ray analyser (EDX). 
Figure 4a shows an SEM image of a lead-free solder joint, taken in BSE imaging mode.  The solder 
metal is an alloy of tin with 3 wt% silver and 0.5 wt% copper.  EDX spectra were taken at the 
interface of the joint with a copper substrate (Figure 4b), and from domains observed within the bulk 
solder (Figure 4c).  As may be seen by comparing the EDX spectra, this lead-free solder alloy has 
undergone electromigration, i.e. the alloying elements have phase separated under the influence of 
electric current passing through the joint, with copper migrating towards the interface and silver-rich 
domains forming within the tin matrix.  This is a known cause of embrittlement of lead-free solder 
joints, which leads to premature failure.  Quaternary elements, such as nickel, may be added to the 
alloy at ppm concentrations to prevent electromigration, although EDX cannot detect the presence of 
nickel at such low concentrations, as the limit of detection for EDX is typically 1000ppm by weight 
using standard operating techniques (Goldstein et al 1992). 
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(a) 
(b) 
(c) 
Figure 4: (a) Back scattered electron SEM image of a tin-silver-copper solder joint on a 
copper substrate.  EDX analysis of the solder/substrate interface (b) and domains 
observed within the solder (c) showing variations in the relative abundance of tin, silver 
and copper arising from electromigration of the alloying elements within the solder joint.  
(Gordon Armstrong and Mauro Aguanno; SEM analysis courtesy Paula Olsthoorn, 
University of Limerick) 
Spectrum B 
Spectrum C 
Cu solder tag 
SnAgCu solder joint 
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2 Microscopy based techniques 
Many materials of interest in industry or the research laboratory are heterogeneous solids (e.g. 
polymer blends, semiconductor devices, biomaterials, organic and inorganic matrix composite 
materials, solid-state pharmaceuticals, nanostructures), where it is desirable to identify each 
component present in the sample in situ.  Equally, in applications such as forensic analysis or quality 
control, it is often necessary to identify isolated contaminants within a sample of material.  
Spectromicroscopy – the combination of optical microscopy to view the sample and locate features of 
interest with a technique such as Infrared and Raman spectroscopy to identify these features, is a 
family of hyphenated techniques which have become widely accepted in materials characterisation – 
to the point where the majority of Raman spectrometers used in materials science applications are in 
fact Raman microscopes.  Throughout the remainder of this topical review, these techniques will be 
referred to by their commonly used names, Infrared and Raman microscopy; they are discussed in 
Section 2.1 and Section 2.3 respectively.  More recently, Raman spectroscopy has found use as a 
detector to examine the composition of samples in scanning electron microscopy (SEM).  Several 
hybrid SEM-Raman instruments are now available commercially; this hyphenated technique is 
discussed in Section 2.4. 
Both infrared and Raman microscopy find similar uses in materials characterisation – they may be 
considered as complementary techniques for material identification.  Because the underlying 
principles of infrared and Raman spectroscopy are closely related, these techniques will be discussed 
together in the following Section.  These spectroscopic methods are ideally suited to use as detectors 
in hybrid instrumentation because they are based on the transmission and/or reflectance of light, so 
they lend themselves to being incorporated into a hybrid instrument using microscope optics, 
waveguides or optical probes.  Given the widespread use of infrared and Raman spectroscopy in 
hyphenated techniques, it is worthwhile to briefly review the origin of infrared and Raman spectra as 
these techniques are presented in the following Sections.  A thorough introduction to the fundamental 
principles underlying spectroscopic methods of analysis is provided by Skoog et al (2014). 
 
 
Figure 5: Regions of the electromagnetic spectrum used in spectroscopic techniques, 
including those commonly incorporated in hybrid instruments for materials 
characterisation. 
2.1 Infrared spectroscopy 
The region of the electromagnetic spectrum (Figure 5, above) referred to as ‘infrared’ (IR) lies 
adjacent to visible light, between 1.2 x 1014 Hz and 1.9 x 1013 Hz (Ferraro et al 2003, Ball 2006, Ball 
2007).  As the energy of most molecular vibrations corresponds to this region, the vibrations may be 
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detected in an infrared spectrum (Smith 1995, Stuart 1996, Williams and Fleming 2008).  When a 
chemical bond is exposed to IR radiation, it may bend or stretch, as illustrated for the example of the 
carbon dioxide molecule in Figure 7.  The stretching vibrations may be symmetrical or asymmetric 
(i.e. rocking, twisting, wagging or deformation of the bond).  However, the energy supplied by the 
radiation is insufficient to break the bond, so the absorbed energy is lost again, as illustrated in Figure 
6.  The selection rule for IR spectra states that, if the vibration is to result in absorption of IR 
radiation, i.e. for it to be 'infrared active', it must cause a change in the molecule's dipole moment; as 
an example, these changes in dipole moment for the carbon dioxide molecule are also shown in 
Figure 7.  The larger this change in dipole moment during vibration, the more intense the absorption 
or transmittance band observed (Ferraro et al 2003). 
 
 
Figure 6: The processes of energy absorption and excitation between energy states in an 
atom or molecule during infrared spectroscopy.  The quantum of radiation between 
discrete energy levels E0, E1, E2 … for absorption or emission is related to the frequency 
of the radiation interacting with the atom or molecule. 
 
Figure 7: The origin of infrared inactive (a) vs. active (b, c) vibrations in a simple 
molecule - carbon dioxide. 
By convention in infrared – and Raman – spectroscopy, the position of each peak in the spectrum is 
measured as wavenumbers, W, (cm-1), i.e. the reciprocal of wavelength: 
W = 1/λ 
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where 
W = Wavenumber, usually presented as cm-1 
λ = wavelength, cm 
This facilitates interpretation of the spectra obtained, because wavenumbers – like frequency – are 
directly proportional to energy, as follows: 
E = h c W 
where 
E = light energy 
h = Planck's constant, 6.626 0755 x 10-34 J.s-1 (Lide 1993) 
c = speed of light, 2998 792 458 m.s-1 (Lide 1993) 
Infrared (IR) spectra are usually recorded in terms of transmittance of radiation by the sample.  As 
the incident beam of radiation interacts with the sample, the radiant power of the beam reaching the 
sample, P0, is attenuated; the lower radiant power of the beam transmitted by the sample is denoted 
P.  Transmittance, T, is defined as: 
T = P/Po 
Transmittance is usually presented as a percentage, which facilitates comparison of spectra obtained 
under different experimental conditions or on different instruments.  Transmittance and absorbance 
are related as follows: 
A = - log10(T) = log (P0/P) 
 
Usefully, chemical functional groups tend to absorb radiation in the same range of wavenumbers 
irrespective of the structure of the rest of the molecule that contains the functional group.  This 
allows the peaks observed in the IR (or Raman) spectrum to be correlated with the functional groups 
that give rise to them.  Thus, unknown molecules may be identified from their infrared and/or Raman 
spectrum, which makes IR and Raman spectroscopy versatile chemical identification tools to use in 
hyphenated and hybrid analytical techniques. 
Also, an infrared can also provide quantitative information because, for a given analyte, absorbance, 
A, is related to the concentration of analyte present, c, and the path length of radiation through the 
absorbing medium, b, by the Beer-Lambert law (Smith 1995, pg 4): 
A = a b c 
where a is a dimensionless proportionality constant called absorptivity.  Note that absorptivity 
changes from molecule to molecule, and also from wavenumber to wavenumber for the same 
molecule.  In the case of solutions whose concentration c is expressed in moles per litre, and the path 
length b is expressed in centimetres (a typical sample cuvette for spectroscopy of liquid samples has 
a path length of 1 cm), then the proportionality constant is called the ‘molar absorptivity’, ε.  ε has 
the units L cm-1 mol -1.  This form of the Beer-Lambert law, A = εbc is of particular use in hyphenated 
techniques as it forms the basis of quantitative analysis of liquid and gas samples, for example in 
evolved gas analysis experiments, as discussed in Section 3.4. 
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By the mid 1990s, the Fourier Transform infrared spectrometer had almost completely supplanted 
older dispersive type instrument from analytical laboratories (Smith 1995, Stuart 1996).  The design 
of the Fourier transform instrument, which is based on Michelson’s Interferometer, illustrated in 
Figure 8.  The IR beam from the source (visible radiation from a Helium-Neon (HeNe) laser and 
infrared radiation from a heated-wire) is split in two.  One beam is kept at a fixed length, while the 
length of the second beam can be varied using a moveable mirror.  If the moving mirror is positioned 
so that both beams travel equal distances to reach the detector, then the detector gives a strong 
signal.  By scanning the mirror through a distance s/2 either side of this position, the detector sees an 
interference pattern (of path difference s) that contains spectral information.  The detectors used are 
a photodiode in the visible band, and most commonly by a deuterated-triglycine sulphate (DTGS) 
detector in the infrared band (Smith 1995).   
 
Figure 8: Components of an FTIR spectrometer (Lerner 2016, with permission). 
In use, the FTIR is operated as a single-beam spectrometer: a background spectrum without any 
sample present is recorded first, then a spectrum of the sample is taken and the background 
spectrum subtracted from it by the computer to give the final result.  Usually, several scans are taken 
and the results averaged to compensate for random absorption artefacts.  The interference pattern 
detected pattern is then converted into a normal IR spectrum using the mathematical technique of 
Fourier transform (Silverstein et al 1994, Smith 1995).  The underlying principles, construction and 
operation of the FT infrared spectrometer are described concisely by Möllmann and Vollmer (2013) 
and Lerner (2016).  The fundamental principles of the design and operation of the FTIR 
spectrometer, and a brief history of its development, are described in detail by Smith (1995). 
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The Fourier Transform infrared spectrometer offers several advantages over the alternative dispersive 
scanning spectrophotometer design (the operating principle of a scanning Raman spectrometer is 
described in Section 2.3) (Smith 1995, Stuart 1996).  These advantages, and the benefits they offer 
for FTIR applications in hyphenated analytical techniques, may be summarised as follows: 
Fellgett (multiplex) advantage: the signal-to-noise ratio per unit time of a FTIR spectrum is improved 
with respect to dispersive instrument designs due to the large number of resolution elements that are 
monitored simultaneously. 
Jacquinot (throughput) advantage: The total output from the IR source is passed through the sample 
continuously, resulting in a gain in energy at the detectors which also improves the signal-to-noise 
ratio.  These improvements in signal-to-noise ratio are beneficial in characterising analytes at low 
concentration (e.g. dilute solutions or gas flows, minor components in heterogeneous samples, 
contaminants) 
Precision: Also, by using the HeNe laser source as a reference, the position of the moving mirror is 
known with high precision.  The precision with which the mirror’s position is determined is the factor 
which determines the precision with which the position of an infrared band is determined. 
Speed: The moving mirror operates rapidly which, combined with the FTIR’s improved signal-to-noise 
ratio, allows spectra to be collected in milliseconds.  This is of particular benefit to hyphenated 
techniques such as evolved gas analysis (Section 3.4) where a rapid throughput of analyte must be 
characterised continuously during the experiment. 
In contrast, the one advantage of dispersive infrared instruments over Fourier transform ones is that 
the reference and sample spectra are collected simultaneously.  In this way, spectral artefacts (e.g. 
water or carbon dioxide peaks) which may arise in FTIR spectra if the instrumental or environmental 
conditions change between the time the background and sample spectra are collected. 
2.2 Infrared microscopy 
The infrared microscope is, essentially, a hybrid of an optical microscope and a FTIR spectrometer.  
The microscope has two light sources - one visible and one infrared – with a separate video camera 
to obtain images of the sample and infrared detector to obtain spectra.  In use, the operator switches 
between the observation of the sample and spectroscopic analysis.  Typically, an infrared spectrum 
may be obtained from an area of the order of 10 x 10 microns.  This area for analysis is selected by 
the operator using a remote aperture which is opaque to infrared radiation.  The IR spectrum may be 
collected in transmission or reflectance modes, depending on whether the sample is transparent or 
opaque (Smith 1995, Leng 2013). 
The infrared microscope is typically coupled to a benchtop infrared spectrometer.  The beam from the 
spectrometer’s IR source is diverted into the microscope via a beamsplitter.  The beam passes 
through an aperture consisting of four adjustable knife-edges, which are opaque to infrared radiation, 
with which the operator may set the size and shape of the infrared beam to be used for sample 
analysis.  The beam is then focused on the sample using a Cassegrain condenser – an arrangement 
of optical mirrors.  Most microscopes allow the sample to be analysed in either reflectance or 
transmission mode, depending on whether the sample is transparent to IR radiation and whether it is 
surface or bulk features that are of interest.  After interacting with the sample, the IR beam is 
focussed by another Cassegrain mirror through an upper aperture onto the detector.  Mercury 
cadmium telluride (MCT) detectors, cooled by liquid nitrogen, are most frequently used because the 
intensity of radiation reaching the detector is low, so a high sensitivity detector is required (Smith 
1995 pg157-161). 
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2.3 Raman spectroscopy and microscopy 
Raman spectroscopy is a light scattering technique, and can be thought of in its simplest form as a 
process where a photon of light interacts with a sample to produce scattered radiation of different 
wavelengths to the incident radiation.  When light interacts with matter, three types of light 
scattering may occur: 
1. Tyndall scattering – elastic light scattering caused by particles 
2. Rayleigh scattering – elastic light scattering by molecules, arising from elastic collisions 
between photons and molecules, and 
3. Raman scattering - Inelastic light scattering by molecules, in which energy is gained or lost. 
Sir C. V. Raman discovered what is now known as the Raman effect in 1928, for which he was 
awarded the 1930 Nobel Prize in Physics. 
If a sample of material is irradiated with monochromatic light in the near infrared to ultraviolet range 
of the electromagnetic spectrum, approximately 1 x 10-7 of the scattered photons are scattered at 
some different wavelength to the incident radiation.  This is known as Raman scattering. It is the shift 
in vibrational frequency, Vm, from the incident frequency, V0, (‘Raman shift’) that is measured and 
which provides the chemical and structural information about the sample.  In fact, two types of 
Raman scattering may be observed.  ‘Stokes’ scattering is observed as a shift to lower wavenumber 
(i.e. s < I), in which the energy change, EM, is positive (higher intensity); this arises from 
molecules in ground vibrational states.  Energy emitted from already-excited molecules is observed as 
a shift to higher wavenumber (i.e. s > I ), in which EM is negative; this is known as ‘Anti-Stokes’ 
scattering.  These are illustrated in Figure 9.  In molecular systems, the frequencies involved are 
principally in the ranges associated with rotational, vibrational and electronic level transitions.  The 
‘Raman shift’ observed corresponds to the wavelength of the corresponding molecular vibration.  
Measuring Raman shift, not the absolute wavelength, also yields a spectrum that is independent of 
the wavelength of incident radiation used.  Atkins and De Paula (2010) have presented a useful 
concise description of the origin of Raman spectra in molecular systems; a detailed account of the 
basic theory underpinning Raman spectroscopy, instrumentation and applications was presented by 
Ferraro et al (2003). 
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Figure 9: Comparison of transitions between energy states that give rise to infrared 
absorption, Rayleigh scattering and Stokes or Anti-Stokes Raman scattering. 
As a spectroscopic technique for hyphenated analysis, Raman spectroscopy is especially versatile 
because Raman scattering can be excited at any laser frequency from the deep UV to the near-
infrared, it requires minimal sample preparation, and it is a non-destructive technique (Ferraro et al 
2003).  Whereas modern infrared spectrometers are predominantly based on the Fourier Transform 
operating principle illustrated in Figure 8, Raman spectrometers found in hybrid instrumentation are 
most often of the dispersive kind in which the absorbance by the sample is measured at each 
wavenumber in the spectrum in turn.  The operating principle of a simplified dispersive Raman 
spectrometer is illustrated in Figure 10. 
 
Figure 10: Optical diagram of a simplified dispersive Raman Spectrometer.  
Monochromated visible or UV light from a laser source is directed onto the sample.  The 
Rayleigh and Raman scattered light is collected perpendicular to the incident light, 
passed through another monochoromator (to remove Rayleigh scattering) and directed 
onto a CCD detector to collect the Raman spectrum. 
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Recall from Section 2.1 that the selection rule for infrared spectra is that a molecular vibration is IR 
active if the dipole moment is changed during vibration.  In contrast, the selection rule for Raman 
spectra is that a molecular vibration is Raman active if the molecule’s polarizability is changed during 
vibration.  Essentially, the molecule is distorted by the electric field of the incident monochromated 
radiation – the positively charge nuclei within the molecule are attracted to the negative pole of the 
electric field, and the negative charged nuclei are attracted to the positive pole of the electric field.  
Raman spectroscopy has become an important analytical and research tool because it is extremely 
information rich.  It can be used as a ‘molecular fingerprinting’ method to obtain useful information 
for chemical identification, and analysing the effects of bonding, environment and stress on a sample.  
Raman scattering is most sensitive to symmetrical bonds, such as are found in polymer backbone 
structures or crystal lattices, and is highly sensitive to the slight changes in bond angle and/or 
strength that occur, for example, with changes in geometric and conformational structure, stresses in 
molecules or crystals, or modifications in the molecular environment.  For these reasons, Raman 
spectroscopy has found applications in fields as wide ranging as pharmaceuticals, forensic science, 
polymers, thin films, semiconductors and even for the analysis of fullerene structures and carbon 
nanomaterials. 
To better understand the origin of Raman spectra, it is first necessary to review the properties of 
electromagnetic radiation.  Recall that a wave of electromagnetic radiation has electrical and 
magnetic components, as shown in Figure 11.  However, we are only interested in the electrical 
component of the wave here, as it is this electrical component which gives rise to Raman shift. 
 
Figure 11: Components of a wave of electromagnetic radiation.  The electrical component 
(z axis) has amplitude E and wavelength λ.  B denotes the amplitude of the magnetic 
component, which is not of interest to the current discussion (Wormer 2017, with 
permission). 
The electric field strength of an electromagnetic wave fluctuates with time: 
E = E0 cos 2 π v0 t 
Recall from the discussion of infrared spectroscopy above that 
E = h v = h (c / λ) = h c W 
When the light wave irradiates the molecule, it induces an electrical dipole moment, P 
P = α E = α E0 cos 2 π v0 t 
 is a ‘proportionality constant’ known as ‘polarizability’; it may be thought of as the incoming wave 
transferring vibration to the molecular bond that gives rise to the Raman shift.  It may be shown that 
the Polarizability has three components, corresponding to Rayleigh, Anti-Stokes and Stokes scattering 
(Ferraro et al 2003). 
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Comparing the selection rules for IR and Raman spectra, those vibrations that are symmetric with 
respect to the molecule’s centre of symmetry are Raman active but not IR active, and those that are 
antisymmetric with respect to the centre of symmetry are IR active but not Raman active.  This is 
known as the mutual exclusion principle, and is illustrated by the example of the carbon dioxide 
molecule, for which the origin of IR active and inactive vibrations has already been shown in Figure 7.  
The symmetrical stretch (Figure 7a) does not induce a net dipole, so it is not IR active – but it does 
change the CO2 molecule’s polarizability, so it is Raman active.  In contrast, the asymmetrical 
stretching (Figure 7b) and symmetrical bending (Figure 7c) of CO2 do induce a net dipole, so they are 
IR active, but do not change the polarizability of the molecule, so they are not Raman active.  The 
quantum mechanical basis for these selection rules is discussed in some detail by Ferraro et al 
(2003). 
To summarise the preceding discussion, materials that yield strong peaks at a given wavenumber on 
their IR spectra cannot do likewise in their Raman spectrum, and vice versa; as an example, Figure 
12 compares the infrared and Raman spectra obtained from the same polystyrene film – a calibration 
standard widely used in infrared spectroscopy. 
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Figure 12: Comparison of the infrared (top) and Raman (bottom) spectrum of a 
polystyrene film standard.  Note that peaks which absorb strongly in the infrared region 
are weak in Raman spectra, and vice versa. 
As such, in designing hyphenated analytical methods, it is not a question of choosing between 
infrared and Raman spectrometers as alternative methods of sample identification.  Rather, the two 
methods should be considered as complementary, because each yields different information on 
chemical structure.  In practice, Raman spectrometers find wider use in hyphenated techniques 
because a wider variety of materials exhibit some Raman scattering than are IR active. 
2.4 Scanning electron microscopy (SEM)-Raman 
The use of EDX as an analytical technique to identify features observed during SEM of materials was 
introduced in Section 1.3.  However, EDX is not very effective in analysing chemical bonding or 
0
10
20
30
40
50
60
70
80
90
100
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
T
ra
n
s
m
it
ta
n
c
e
 (
%
)
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
Wavenumbers (cm
-1
)
R
a
m
a
n
 i
n
te
n
s
it
y
Page 20 of 61AUTHOR SUBMITTED MANUSCRIPT - EJP-102447.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 cc
ep
ted
 M
an
us
cri
pt
Armstrong and Kailas                      Hyphenated analytical techniques for materials characterisation 
Article reference: EJP-102447.r2  Page 21 of 61 
molecular structure.  On the other hand, as discussed above in Section 2.3, Raman spectroscopy 
gives information about the chemical bonds and symmetry of molecules.  This information helps in 
accurately identifying materials and to distinguish between different polymorphs, allotropes or organic 
and inorganic components. 
Complementary information from SEM and Raman techniques has proven useful in various studies 
ranging from detailed molecular information of fine particles (Nelson et al 2001, Stefaniak et al 2006, 
Ghosal and Wagner 2013) to the successful quantification of drug compositions on the surface of 
pharmaceutical tablets (Scoutaris et al 2014).  However, when moving between two different 
instruments, it is often difficult to relocate the particles of interest (Nelson et al 2001).  This problem 
is resolved in integrated SEM-Raman systems either ‘sequential’ or ‘on-axis’ systems as illustrated in 
Figure 13. In ‘sequential’ SEM-Raman, after imaging and data acquisition, the SEM stage is moved 
from under the SEM pole piece by precise calibrated motion to under the Raman optics situated inside 
the SEM vacuum chamber for Raman spectra acquisition. In ‘on-axis’ SEM-Raman systems, a 
retractable arm with Raman optics is inserted into the SEM chamber between the SEM pole piece and 
the sample to acquire Raman data.   When Raman capabilities are coupled to an SEM, it becomes 
possible to record high-resolution images of the sample surface and get detailed spatial and structural 
information in order to identify materials, whether organic, inorganic or a mix of both, in a non-
invasive manner at the same region of interest.  The different technical set-ups for such commercially 
available hyphenated SEM-Raman systems are described elsewhere (Cardell and Guerra 2016, Wille 
et al 2014).  Additionally, for performing simultaneous elemental analysis using X-rays, these 
hyphenated instruments can have an X-ray spectrometer connected to the SEM, making the 
technique SEM-EDX/Raman. 
 
Figure 13: Operating principles of ‘sequential’ (a) SEM-Raman system whereby SEM and 
Raman data are sequentially acquired by the precise movement of the SEM sample stage 
and (b) ‘on-axis’ (b) configuration in which SEM and Raman measurements are 
performed in situ on the same area simultaneously. 
SEM STAGE
ELECTRON BEAM LASER BEAM
SAMPLE
SEM CHAMBER
SEM DETECTOR
A
RAMAN SPECTROMETER
Sequential SEM-Raman
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of Raman microscope for Raman spectra
collection.
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These hyphenated systems have been successfully utilized in diverse fields including environmental 
science, materials science (de la Fuente et al 2016, Black and Brooker 2007), and heritage sciences 
(Irazola et al 2012, Bersani et al 2010, Guerra and Cardell 2015).  Figure 14a shows the study by de 
la Fuente et al (2016) where the different rust morphologies very close to each other like globular 
formations (A), thin laminas in the form of flower petals, bird nests or honeycombs (B), and thick 
laminas in the form of worm nests (C) were imaged by SEM and the integrated Raman set-up was 
used to get the corresponding Raman spectra from these three areas (Figure 14b-d). 
It has been found that the Raman signal can be enhanced significantly if the analyte molecules are 
adsorbed onto certain metal surfaces or metal nanoparticles.  This effect is known as Surface 
Enhanced Raman Scattering (SERS) (Schatz and Van Duyne 1980, Moskovits 1985, Aroca 2006) and 
has been attributed to the excitation of localized surface plasmon resonances as well as the charge 
transfer between the chemisorbed species and the metal surface.  Hence, the Raman effect can be 
greatly enhanced by availing of this SERS effect if the molecules are attached to, or microscopically 
close to, a suitable metal substrate.  Gold and silver are two of the most commonly used metal 
surfaces for exhibiting SERS effect. 
 
Figure 14: a) Different rust morphologies very close to each other (indicated as A–C) 
imaged by SEM).  (b-d) Raman spectra obtained for the three areas A, B and C 
highlighted in (a) respectively (De la Fuente et al 2016, with permission). 
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2.5 Correlated light-electron microscopy 
Correlated light-electron microscopy (CLEM) is another emerging hyphenated technique, which as the 
name suggests, combines two different microscopy techniques: light microscopy and electron 
microscopy. Light (or fluorescence) microscopy can be used to identify and image fluorescently 
tagged structures but the resolution is not enough to match the size of small biomolecules. Electron 
microscopy can be used to get very high resolution images of small structures but requires fixation of 
biological samples, resulting in static images of cellular events. The resolution issues of light 
microscopy and the difficulty in in-situ real-time capturing of biological events by electron microscopy 
are overcome in CLEM (Polishchuk et al 2000).  In CLEM, either the samples can be prepared and 
analysed by fluorescence imaging, followed by fixation and further electron microscopy analysis, or 
fluorescently labelled ultrathin Sections prepared for electron microscopy are imaged with both light 
microscopy and electron microscopy. A recent review (de Boer 2015) discusses the CLEM technique, 
sample preparation, data acquisition, guidelines and limitations in detail. 
 
3 Thermal analysis based techniques 
The generally accepted definition of thermal analysis, adopted by both the International Union of 
Pure and Applied Chemistry and the American Society for Testing of Materials is “a group of 
techniques in which a property of the sample is monitored against time or temperature while the 
temperature of the sample, in a specified atmosphere, is programmed” (Gallagher 1997, pg 4).  The 
principal events that may be observed by thermal analysis, and the events associated with them, are 
summarised in Figure 15.  Among their many and varied applications in materials science, thermal 
analysis techniques are used to determine whether a material is thermally stable, at what 
temperatures does it undergo transitions such as melting, glass transition, phase changes, 
crystallisation, or decomposition, and measuring the energy changes associated with these 
transitions. 
 Weight gain Weight loss Endotherm Exotherm 
Melting     
Gas adsorbed     
Gas desorbed     
Vaporisation     
Dehydration/ 
desolvation 
    
Decomposition     
Sublimation     
Crystalline 
transition 
    
Figure 15: Summary of events observed by thermal analysis, and transitions associated 
with each (Dodd and Tonge 1987, with permission). 
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The primary objectives in developing hyphenated techniques for thermal analysis are to study two or 
more of these events where they occur in the same sample, or to combine thermal analysis and 
spectroscopic techniques in order to identify changes in chemical composition that result from these 
thermal events.  Endothermic and exothermic events may be observed qualitatively by optical 
microscopy, but in hyphenated analysis these are characterised quantitatively by differential scanning 
calorimetry (DSC). Weight gain and loss are measured by thermogravimetric analysis (TGA).  
Therefore, the basic principles and some representative applications of these three techniques will be 
reviewed briefly next. 
3.1 Differential scanning calorimetry (DSC) 
Differential scanning calorimeter (DSC) is the most widely used thermal analysis technique for 
materials characterisation.  There are two basic designs of DSC instrument: power-compensating and 
heat flux. (Gallagher 1997, Gabbott 2008).  These differ both in design, as may be seen from Figure 
16, and measuring principle (Höhne et al 2003), although in practice all DSC designs yield thermal 
data in similar format. 
(a) 
(b) 
 
Figure 16: DSC designs compared.  In a typical heat-flux DSC cell (a), the furnace is 
heated at a predetermined rate and the difference in heat flow in or out of the sample 
with respect to the reference is measured.  In the power compensating design (b), the 
power supplied to the sample furnace relative to the reference furnace is adjusted via a 
power compensation circuit to maintain a uniform heating rate. 
In the heat flux design, both the sample and reference are placed in a single furnace.  The 
construction of a typical heat-flux DSC cell is shown in Figure 16a.  The sample is contained in a 
crucible or pan, placed on a disc or turret within the furnace.  A second, identical, empty pan is used 
as a reference.  The calorimeter heats the furnace at a programmed rate, such that heat flows 
through the disc or turret on which the sample and reference pans are placed, and into the sample.  
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The instrument measures the difference in temperature, ΔT, between the sample and reference pans 
that occurs when the steady-state equilibrium between the sample and reference pans is disturbed by 
thermal transitions in the sample: 
ΔT = TS - TR 
where TS and TR are the temperatures of the sample and reference pans, respectively. 
The instrument is calibrated to convert ΔT, measured as a voltage, into the measured heat flow rate 
(or ‘heat flux’), ϕm, as follows: 
ϕm = -k’ ΔT 
where k’ is a calibration constant set by the instrument manufacturer (Höhne et al 2003).  ϕm is 
plotted on an XY graph as a function of temperature, or time.  Figure 17 shows a representative DSC 
trace for poly(ethylene terephthalate) (PET), a semi-crystalline polymer, illustrating the thermal 
transitions that may be observed by DSC.  By convention, the onset of a thermal event is defined as 
the first deviation from the baseline.  As with all thermal analyses, the results of a DSC experiment 
are reported as ‘procedural’ temperatures because changes in the heating rate and atmosphere used 
in an experiment can cause a shift in the results obtained (Dodd and Tonge 1987); the causes of 
these variations is discussed below.  The enthalpy associated with the transition is obtained by 
integrating the area under the curve. 
 
Figure 17: Thermal transitions that may be observed by differential scanning calorimetry.  
The DSC trace is that of poly(ethylene terephthalate), PET, a semi-crystalline polymer. 
In contrast, in power compensating DSC instruments, the sample and reference are contained in 
separate micro-furnaces, as illustrated in Figure 16b.  As in the heat flux design, the temperature of 
both furnaces is ramped at a predetermined rate, but in the power compensating design, when a 
thermal transition occurs, the instrument uses a Wheatstone bridge configuration to compensate for 
the heat flow into or out from the sample.  This compensating heat power, ΔP, is related to the 
temperature difference between the sample and reference, ΔT, and measured heat flow, ϕm, as 
follows: 
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ΔP = - k1 ΔT 
ϕm = - k2 ΔT 
k1 is a factory-set calibration factor; k2 is adjusted by the operator during the calibration procedure 
for the DSC instrument.  The low furnace mass and small dimensions of the power compensating 
design permit significantly faster heat transfer than in the commercially available heat-flux DSCs 
(Pijpers et al 2002).  However, the various instrument manufacturers continue to introduce further 
refinements, such as modulated or stepped heating, seeking to enhance the precision, sensitivity and 
robustness of the DSC technique.  These merits of each instrument design are compared in some 
detail by Gallagher (1997) and Gabbott (2008). 
As stated above, changes in the heating rate and atmosphere used in an experiment can cause a shift 
in the results obtained.  Pijpers et al (2002) demonstrated the effects of heating rate and sample 
mass on the results observed in DSC experiments using indium metal (widely used as a calibration 
standard in DSC).  Under otherwise identical experimental conditions, it was found that, for the same 
sample of indium, different procedural temperatures were observed for the melting peak at different 
heating rates ranging from 10 ºC/min to 100 ºC/min; this is shown in Figure 18.  The onset 
temperature of the melting transition was the same for all curves, though the slopes on the low-
temperature side were different.  The area under the curves measured (in mW °C) increased in 
proportion to the heating rate.  An inverse relationship between sample mass and curve shape was 
also observed. 
 
Figure 18: Heating of indium (1.465 mg) at 10, 50, and 100 °C/min after cooling at 10 
°C/min under a flowing stream of 10:90 v/v helium /neon purge gas.  Inset: heat flow 
presented as a function of time – note the variations in peak shape (Pijpers et al 2002, 
with permission) 
Note also the variation in peak shape for the same sample under otherwise identical experimental 
conditions as the heating rate increases shown in Figure 18 inset.  This arises because, at higher 
heating rates, the same heat flow occurs over a shorter period of time, giving rise to a taller peak on 
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the DSC trace, which results in higher sensitivity.  Gabbott (2012) has demonstrated similar findings 
at fast heating rates up to 500 ºC using ‘HyperDSC’ for PerkinElmer’s power compensating instrument 
designs.  Peak broadening, attributable to ‘thermal lag’ was also observed by Pijpers et al (2002) with 
increasing heating rates.  Thermal lag occurs due to the limitations on the capability of the DSC 
instrument to transfer heat to or from the sample, and of the response from the sample to the 
sensor, during the experiment.  The theoretical fundamentals of both the heat flux and power 
compensating DSC instruments are discussed in detail by Wunderlich (1997) and Höhne et al (2003), 
although it is worth noting that the equations involved become sufficiently complex that solving them 
analytically is no longer feasible without introducing simplifications.  In this case, numerical simulation 
using finite element analysis has been applied as an alternative approach Höhne et al (2003). 
3.2 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is a thermal analysis technique in which the weight lost or gained 
by a sample is measured as it undergoes a controlled heating programme (Dodd and Tonge 1987, 
Gallagher 1997).  It provides quantitative information on weigh change processes, and allows the 
stoichiometry of the reactions giving rise to these changes to be followed.  Almost all commercial 
TGAs consist of a null-point precision microbalance, as shown in Figure 19, mounted inside a 
temperature-programmed furnace (Dodd and Tonge 1987, Gallagher 1997, Bottom 2008).  The null 
balance furnace design keeps the sample at the centre of the hot region of the instrument’s furnace, 
which avoids variation in heating, thus reducing error.  The null sensor forms part of a Wheatstone 
bridge; when the balance arm is deflected, the bridge circuit restores the arm to its original position.  
A flow of purge gas is passed through the furnace to remove evolved gases released from the sample 
during the TGA experiment.  In a static atmosphere, equilibrium may be reached between the sample 
and its environment, which affects the kinetics of the reactions giving rise to the mass loss steps 
observed (Gallagher 1997, Bottom 2008).  Also, an accumulation of evolved gases may interact 
adversely with the microbalance and sample suspension system.  Depending on the sample, different 
mass loss and degradation behaviour may be observed in inert and oxidising atmospheres. 
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Figure 19: Typical configuration of a TGA instrument.  The sample furnace is purged with 
flowing gas – which may be oxidising or inert, depending on the experiment.  In 
alternative designs, the balance and furnace may be arranged horizontally, or in a ‘top 
loading’ configuration with the furnace placed above the balance. 
As already explained for DSC, the temperatures at which mass loss events are observed in the TGA 
experiment are referred to as ‘procedural temperatures’, because the temperature at which an even is 
observed to occur may be affected by the experimental conditions used.  Also, the heating rate used 
in a TGA experiment affects the shape of the TG curve.  The events giving rise to mass loss or gain 
do not occur instantaneously, but as the event occurs, the programmed heating rate continues to be 
applied to the furnace.  Therefore, there is a lag in temperature between the temperature at which 
the thermal event occurs and the temperature at which it is recorded by the instrument; the slower 
the rate of reaction, the greater this lag is.  At higher heating rates, the thermal events are observed 
at higher procedural temperatures.  Conversely, conducting TGA experiments at slower heating rates 
may allow multiple steps in, for example, a degradation process, to be resolved as plateaus on the TG 
curve.  An optimum TGA sample is small (a few milligrams), prepared as a thin layer of sample in an 
open sample crucible. 
Likewise, the type and flow rate of purge gas used has an effect on the experiment.  Depending on 
the sample, different mass loss and degradation behaviour may be observed in inert and oxidising 
atmospheres.  Applying a flow of purge gas may promote degradation of the sample following Le 
Chateliers’ principle.  In contrast, equilibrium may be reached between the sample and its 
environment in a static atmosphere.  The origin of these effects, and approaches to minimise 
experimental error arising from them, are described in detail by Gallagher (1997). 
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Figure 20: Comparison of TGA trace for virgin nanoclay (a), PEO/nanoclay prepared by 
supercritical carbon dioxide fluid processing (b) and prepared by melt-processed 
composite (c).  Water of crystallization (step 1) is lost between 30 and 125°C; polymer is 
lost between 125 and 500°C (step 2). The remaining nanoclay undergoes thermal 
degradation above 500°C (Adapted from Armstrong and Fortune 2007, with permission). 
Figure 20, above, shows an example of TGA analysis in which the thermal stability and degradation 
behaviour of polyethylene oxide/nanoclay composites prepared under different processing conditions 
are compared with each other and the starting material used to prepare the composites.  From the 
TGA traces, it is possible to determine the moisture content of the samples (from the mass of water 
of crystallisation lost in step 1), the loading of polymer achieved for each process (from the mass of 
polymer lost in step 2), and the thermal stability of both composites by comparing the procedural 
temperatures at which thermal degradation began. 
3.3 Simultaneous thermal analysis: DSC-TGA (STA) 
One of the most common applications of simultaneous techniques is simultaneous TGA/DSC (or 
TGA/DTA), also known as simultaneous thermal analysis (STA).  In STA, heat flux DSC-type sample 
and reference cells are incorporated within the TGA furnace.  Several different instrument designs are 
offered commercially, although the operating principles are common between them.  These 
differences in instrumentation design were compared by Gallagher (1997).  The principal advantages 
of combining TGA and DSC is that simultaneous analysis of a single sample in an STA instrument 
yields more information than separate application in two different instruments. 
As discussed previously for DSC and TGA, the conditions under which thermal analyses are conducted 
can have a significant effect on the results obtained.  In STA, the test conditions are perfectly 
identical for the TG and DSC signals, and there is no difference between the procedural temperatures 
at which both thermogravimetric and heat flux information concerning sample behaviour are 
obtained.  STA is especially advantageous for applications in quality control where fast turnaround 
times for sample analysis are desirable, or research and development where the quantity of sample 
available may be limited, as both TG and DSC data may be obtained from a single experiment.  
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However, STA instruments are not a sensitive as dedicated TGA or DSC instruments, and the 
experimental conditions required to allow both analyses to be conducted concurrently are frequently a 
compromise between those required to optimise either the TGA or DSC data obtained from the 
sample. 
3.4 Evolved gas analysis (EGA) 
Evolved gas analysis (EGA) consists of identifying the volatile gases released during a 
thermogravimetry experiment.  In its simplest form, a sample of the exhaust flow from the 
thermobalance’s sample chamber is trapped in a sampling tube.  Subsequently, the gases are 
identified by gas chromatography (GC); this technique has been discussed in Section 1.2. 
The EGA technique has been developed by coupling the exhaust from the TGA instrument directly to 
a suitable detector to allow for analysis and identification of the volatile gases in real-time as the TGA 
experiment is conducted.  Quadrupole mass filter MS and FTIR spectroscopy are the most widely 
used techniques to identify the volatile gases, both because this allows for rapid analysis of the 
exhaust gas, and because extensive spectral library data is readily available that permits ready 
identification of volatile gases as they emerge from the TGA.  Equally, it is possible to conduct EGA 
for simultaneous thermal analysis (STA is described in Section 3.3, above) by interfacing a suitable 
detector with the exhaust of the STA instrument (Gallagher 1997). 
FTIR is less sensitive and less versatile than MS, but it is simpler to use and less expensive.  Also, it is 
easier to couple a FTIR to a TGA, because it operates under ambient pressure, whereas MS requires a 
high vacuum environment.  FTIR should be considered as a qualitative technique though – it is not 
readily possible to determine the relative amount of degradation products present in the exhaust gas 
stream, as different chemical species exhibit different levels of IR absorption.  In contrast, MS offers 
the advantages that it is applicable to all organic analytes, and under optimal conditions it is possible 
to quantify the species identified (Fowlis 1995).  One final important limitation of EGA is that it is 
difficult to resolve and identify multiple degradation products from MS library data, as may occur 
during pyrolysis of a material, for example.  Likewise, if two or more unknown degradation products 
are present, is it not feasible to identify these by FTIR as only a single spectrum containing the 
characteristic peaks of both unknowns will be obtained.  In an effort to overcome this limitation, TGA 
instruments have also been interfaced with GC-MS systems, to allow separation of the degradation 
products by GC prior to identifying them individually by MS as they elute from the GC column. 
3.5 Heated-stage microscopy 
Heating (and cooling) stages have been combined with optical microscopes, Raman or infrared 
microscope systems, and scanning probe microscopes, as hyphenated techniques to study changes in 
chemical composition, or morphology, as a function of temperature.  The insight gained from such 
studies can be especially useful to understand the origin of thermal transitions observed by 
conventional techniques such as DSC or TGA, as discussed above.  For example, when a 
semicrystalline polymer is viewed under reflected polarised light, the crystal lamellae appear as 
spherulites.  If the sample is placed on a heated stage, these spherulites may be observed 
disappearing when the polymer becomes amorphous on heating past its melt transition temperature, 
Tm.  The use of heated-stage optical microscopy to complement other thermal analysis techniques is 
described further in the case study presented below in Section 5. 
A recent development in hybrid thermal analysis - optical microscopy is Thermal analysis by structural 
characterisation (TASC) which uses a DSC cell in place of the heated stage.  This permits quantitative 
characterisation of polymers, pharmaceuticals and other materials by producing a thermal curve 
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based on changes in features observed while a sample is heated or cooled (Reading and Stacey 
2015). 
3.6 DSC-Raman 
Whereas changes of state in a sample material are readily identified by changes in heat flux by 
conventional DSC, as illustrated earlier in Section 3.1, a limitation of the typical DSC experiment is 
that it is not possible to identify changes in changes in phase or composition directly from the 
thermogram.  Rather, we must infer what changes are likely to have occurred based the thermal 
events observed and our prior knowledge of the sample’s composition and thermal behaviour. 
To overcome this limitation, hyphenated techniques have been developed that combine a DSC 
instrument with spectroscopic methods to identify changes in the sample’s state and chemical 
structure as it is heated.  Among these, DSC-Raman spectroscopy has proven particularly versatile as 
Raman spectroscopy offers near universal ‘molecular fingerprinting’.  Recall from Section 2.3 that 
many types of vibration are possible in Raman scattering, and that these are unique to the chemical 
environment of the bond.  A molecule’s Raman spectrum is also sensitive to changes in local 
environment (e.g. crystallinity) and changes in phase.  It is a non-contact, non-destructive technique, 
which requires no sample preparation prior to analysis; these are important advantages for thermal 
analysis, where the sample must remain in situ throughout the experiment. 
Two distinct designs of hyphenated DSC-Raman instrumentation have been developed commercially.  
In the first of these, a Raman spectrometer is fitted with an optical probe accessory, which is fitted 
into the sample cell of the DSC furnace, so that the monochromated laser source of the Raman 
spectrometer is directed onto the surface of the DSC sample.  The optical probe also collects the 
Raman scattering from the sample, which is redirected to the detector of the spectrometer.  In the 
second design, a TASC accessory, as described in Section 3.5 above, is mounted on the sample stage 
of a conventional Raman microscope, allowing heat flux data to be collected from the DSC cell 
incorporated in the heated stage as the Raman spectra are collected from the sample.  Similar 
configurations have been used to combine DSC with infrared and near-infrared (NIR) spectrometers.  
With these hybrid technique, particular care must be taken to allow for the sample heating caused by 
the Raman measurement – the laser source onto the sample can cause appreciable heating in 
addition to the heating rate set on the DSC itself.  It must also be remembered that the Raman signal 
is only obtained from the upper surface of the sample in the DSC crucible, not from the bulk of the 
sample as it undergoes heating or cooling.  Suzuki et al (2013) have described a solution to this 
problem for the DSC Raman analysis of indium metal (a calibration standard widely used in DSC) and 
poly(l-lactic acid) (PLLA).  Working with commercially available instrumentation, they used 
intermittent laser pulses to collect the Raman spectrum, and treated the heating effect of these 
pulses as for a modulated DSC experiment when analysing the thermal data. 
As an example of DSC-Raman analysis, Figure 21 shows a representative DSC thermogram and 
Raman spectra obtained simultaneously from a super-cooled liquid sample of paracetamol (also 
known as acetaminophen, N-acetyl para-amino phenol, or APAP) using a TASC stage mounted on a 
Raman microscope to heat the sample from 25 ºC to 170 ºC. (Kauffman et al 2008). 
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Figure 21: Raman detected differential scanning calorimetry (RD-DSC) thermogram (a) 
obtained from super-cooled liquid paracetamol in a quartz crucible with glass lid and (b) 
Raman spectra collected simultaneously with the DSC thermogram.  Note the changes 
between Raman spectra obtained at 101 and 130 ºC, highlighted with asterisks (*).  The 
Raman spectra shown are translated along the Y axis for clarity.  (Kauffman et al 2008, 
with permission). 
Paracetamol, like many pharmaceutical materials, exhibits polymorphism, i.e. it can exist in several 
crystal forms which may change depending on factors such as temperature and the amount of 
solvent present in the material.  Polymorphism is important in the manufacture and processing of 
pharmaceutical materials because unexpected changes in crystal structure can significantly alter its 
behaviour during processing and the action of the drug in the body.  The DSC thermogram shows two 
exothermic events at approximately 71 ºC and 118 – 127 ºC (highlighted in Figure 21a) as well as the 
melt transition at 115 ºC.  A subset of the Raman spectra collected simultaneously is shown in Figure 
21b.  From these, the exotherm at 76 ºC was assigned to the transformation between super-cooled 
liquid paracetamol and the type III polymorphic form.  The large shift in the baseline of the DSC 
thermogram following this exotherm was demonstrated to result from laser irradiation of the sample 
by the Raman spectrometer.  The small exotherm centred about 123 ºC was attributed to the 
transformation from type III to type II polymorph.  The Raman spectrum reverted to that of 
amorphous paracetamol above the melt transition Figure 21.  This information simplifies the 
understanding of the thermal behaviour of the material and is more conclusive than attempting to 
combine data from separate complementary DSC and Raman spectroscopy experiments, because 
these transition occur close together, and their characteristics depend on the experimental conditions 
used, so they are difficult to assign with certainty.  Menard and Spragg (2009) have subsequently 
reported findings in good agreement with these for paracetamol characterised using the alternative 
instrument setup of a power DSC coupled to a Raman spectrometer via an optical probe. 
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4 Scanning probe based techniques 
Scanning Probe Microscopy (SPM) is a group of high resolution microscopy techniques which uses a 
sharpened probe to scan and image the surface.  The probe-sample interactions are monitored to 
produce images of nano-scale surface features as well as measure nano-scale surface properties.  
The most common scanning probe techniques are scanning tunnelling microscopy (STM), atomic 
force microscopy (AFM) and scanning near-field optical microscopy (SNOM).  STM is based on the 
principle of quantum tunnelling (Binnig and Rohrer 1983) where a bias voltage applied between a 
conducting tip (held close to the sample surface) and the sample allow electrons to tunnel across the 
vacuum gap between the surface and tip, creating a tunnelling current.  A feedback loop monitoring 
the tunnelling current will co-ordinate the current and positioning of the tip to generate a 3D image of 
the surface topography.  Since a non-zero conductance of its tunnelling junction is needed to produce 
an image, STM sample surfaces must be electrically conductive.  Studies have been done on 
insulators using STM but they need special sample preparation like making ultrathin films of insulator 
samples on conducting substrates, or sputtering a thin film of metal or carbon on the sample surface 
(Sawyer and Grubb 1996, Viernow et al 1999).  AFM generates images by monitoring the force acting 
between the tip and the sample.  Since AFM does not require conducting tips or samples, the 
technique can be applied on a wide range of materials including, for example, non-conductors without 
any special sample preparation, or biological materials in their native state.  SNOM is used to 
investigate optical properties of nanostructures as it overcomes the far-field light diffraction limit of 
optical microscopy; it is discussed further in Section 4.2. 
Some SPM instruments are capable of performing STM along with spectroscopy modes such as 
Scanning tunnelling spectroscopy (STS) or inelastic electron tunnelling spectroscopy (IETS) in order 
to obtain topographic and spectroscopic data simultaneously.  STS (Pia and Costantini 2012, Vazquez 
de Parga and Miranda 2012) focusses on elastic tunnelling current changes associated with the local 
density of states (LDOS).  The requirements on the STM instrumentation for doing spectroscopic 
analysis are mentioned in detail in (Hipps K W 2006).  For STS, the STM tip is kept at a fixed position 
over the surface and the bias voltage V is varied.  The tunnelling current I is a function of V and the 
tip-sample separation and changes in I with V at constant tip-sample separation can provide 
spectroscopic information about the surface of the sample as the first derivative of the I-V curve can 
give information about the LDOS of the sample surface (Hamers 1989).  STM/STS can probe the 
electronic characteristics of surfaces and 2D maps of sample DOS can be created with sub-nm 
resolution.  It can provide information about both the occupied and the unoccupied states of the 
LDOS by changing the polarity of the bias voltage. 
STM-IETS can be utilized (Stipe et al 1998) to obtain vibrational spectroscopic information of single 
molecules adsorbed on a solid surface.  While STS is concerned with elastic tunnelling, IETS focusses 
on an inelastic tunnelling channel between the tip and the sample.  STM-IETS requires cryogenic 
temperatures and very high mechanical stability for successful measurements. 
Among the scanning probe techniques, AFM is most often coupled with other characterization 
techniques to develop commercially available hyphenated instruments, perhaps because it is 
applicable to a wider range of sample types than other scanning probe techniques.  The operating 
principle of AFM is explained in Figure 22 (Veeco Instruments 2005, Bergmann et al 2013).  AFM’s 
high resolution imaging capability coupled with the capacity to work in ambient air or fluid 
environments make it a very useful tool for surface investigation in both materials science and 
biology. 
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Figure 22: Schematic of the working principle of a simple atomic force microscope. 
Figure 23 shows an example of an AFM topography image of a poly(ethylene terephthalate) 
(PET)/montmorillonite organoclay nanocomposite.  Interactions between the AFM tip and the sample 
surface can also be monitored in order to obtain local physical and chemical properties of the material 
under study.  Such interactions include electrical characteristics (electrostatic force microscopy, EFM), 
work function of the surface (scanning kelvin probe microscopy, KPM), magnetic properties (magnetic 
force microscopy, MFM), ferroelectric domains (piezoresponse force microscopy, PFM), and thermal 
properties (scanning thermal microscopy, SThM; discussed further in Section 4.6).  Force 
spectroscopy is another major application of AFM in which sensitive force measurements are made by 
monitoring the attractive, repulsive and adhesive interactions between the tip and the sample. 
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Figure 23: AFM topography image of a poly(ethylene terephthalate) 
(PET)/montmorillonite organoclay nanocomposite (Sample courtesy Lukazs Figiel, 
University of Limerick and Vincent Chan, University of Oxford). 
In its imaging mode, AFM is used to obtain height and surface roughness measurements with sub-
nanometre precision and resolution far exceeding that of other stylus and optical based methods 
(Bhushan 2001) as it gives three-dimensional surface profiles with routine scanning, on a single scan.  
The technique does not need a vacuum environment for its operation, which simplifies incorporating 
a second analytical technique into a hybrid instrument, and the minimal sample preparation required 
with no special treatments or coatings for the samples make it an attractive technique to image 
pristine surfaces.  Since the atomic force microscope does not use any optical lens for imaging, it is 
not affected by the problem of diffraction limit or aberrations when it comes to image resolution.  
Rather, the lateral resolution of images in AFM is mostly dependent on the sharpness of the probes 
used for imaging; this can sometimes lead to trade-offs between resolution and versatility in hybrid 
techniques where the probe design must be modified to serve a second function in the hybrid 
instrument configuration. 
However, despite its versatility, AFM has its limitations.  Compared to SEM or optical microscopy, AFM 
imaging is a slow process.  In practical terms, this restricts sample throughput in the analytical 
laboratory; it also limits AFM’s capacity to study dynamic processes.  Another disadvantage is the 
relatively smaller scan areas, the maximum being ~150 x 150 µm.  The limited vertical range – 
typically less than 10 µm – possible for scanning also makes it difficult to image rough or curved 
surfaces.  For surface profiling, although AFM is able to resolve the physical features of the sample 
surface to nanometre scale, it is limited in its capacity to identify the chemical species present on the 
surface.  Lateral force microscopy and phase contrast imaging modes of AFM are used to resolve the 
chemical specificity of surfaces but they are not highly effective to identify reliably if multiple chemical 
species are present.  Also, AFM cannot be used to examine sub-surface interfaces or embedded 
features.  One effective way of overcoming these limitations of the AFM, especially with respect to 
biomaterials, is to couple it with a fluorescence microscope thereby obtaining high resolution surface 
topography with reliable biochemical identification.  Finally, AFM cannot be used to examine sub-
surface interfaces or embedded features.  An effective way of overcoming these limitations of the 
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AFM is to couple it with complementary characterisation techniques.  Such hybrid or multimodal 
characterisation instruments where, multiple characterisation techniques can be simultaneously 
applied to obtain multi-faceted information on the chemico-physical properties, helping to obtain a 
better and quicker insight into complex systems (Kailas and Syed 2016). 
4.1 Atomic force microscopy (AFM) – Tip-Enhanced Raman spectroscopy (TERS) 
The high resolution imaging capability coupled with the capacity to work in ambient air or fluid 
environments make SPM a very useful tool for surface investigation of biological as well as non-
biological surfaces.  Apart from surface imaging, interactions between the SPM (whether AFM or STM) 
tip and the sample surface can also be monitored in order to obtain physical and chemical properties 
of the material under study.  However, the technique is limited in its capacity to identify the different 
chemical species present on the surface.  Lateral force microscopy and phase contrast imaging modes 
of AFM can be used to resolve the chemical specificity of surfaces but these modes are not highly 
effective in reliably identifying multiple chemical species.  Raman spectroscopy (see Section 2.3) is a 
label-free technique that can provide chemical identification of different surface components.  In the 
simplest configuration of hybrid AFM-Raman, the area of interest is imaged by AFM first, then the 
sample is translated under a Raman microscope to obtain the Raman spectrum from this area, as 
illustrated in Figure 24.  However, as discussed in Section 2.3, Raman scattering is an inherently weak 
phenomenon and the scattering intensities are several orders of magnitude lower than the 
predominant Rayleigh scattering. 
 
Figure 24: Operating principles of sequential (left) and coupled (right) AFM-Raman. 
The use of Surface Enhanced Raman Scattering (SERS) in SEM-Raman analysis has already been 
discussed in Section 2.4.  Similarly in AFM-Raman, instead of conducting AFM and Raman analysis 
sequentially, if an AFM or STM probe is coated with a SERS active metal or nanoparticles and then 
positioned above a surface of interest while being illuminated with laser photons, the probe would 
selectively enhance Raman signal intensities (Figure 25) from a sample surface within its immediate 
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vicinity (Anderson 2000, Stockle et al 2000, Sonntag et al 2014).  This phenomenon is termed Tip-
Enhanced Raman Spectroscopy (TERS) and combines the high spatial resolution of SPM with 
vibrational information and single-molecule sensitivity of SERS to uniquely identify different chemical 
species present on a sample surface.  Simultaneous collection of surface topography and spectral 
data allows correlation between the physical structures and chemical distribution on the surface at 
the nanoscale.  STM-TERS have been utilized to distinguish different types of carbon nanotubes 
(CNT) and their local defects with 1.7 nm spatial resolution in ambient conditions; the experiment is 
summarised in Figure 26 (Chen et al 2014).  TERS techniques have been successful in studying 
diverse sample systems where chemical information from nano-scale surface features at very high 
spatial resolution is needed, like optical properties of single walled CNTs (Peica et al 2011), 
mechanism of formation of two-dimensional polymer sheets (Opilik et al 2015), and identification of 
dyes (Figure 27) used in writing historical documents (Kurouski et al 2014).  Being a probe-based 
technique, the spatial resolution possible with TERS is limited only by the size and shape of SPM tip.  
Hence, the TERS tip is one of the most important components for conducting TERS measurements.  
It is also one of the major limiting factors as it is difficult to manufacture reproducible and durable 
probes.  The issues of lifetime and protection protocols of TERS tips are addressed elsewhere (Huang 
et al 2015). 
 
Figure 25: Tip-enhanced Raman spectra of brilliant cresyl blue BCB dispersed on a glass 
support measured with a silver-coated AFM probe (Stockle et al 2000, with permission). 
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Figure 26: STM-Raman analysis of carbon nanotubes (CNTs).  (a) Schematic illustration of 
TERS experiment with laser excitation at the STM tunnelling junction.  (b) High-
resolution STM topography of three CNTs (dashed rectangular area in (a), 39 × 30 nm2). 
The pink line segment on the upper left indicates the diameter transition region of CNT-2. 
Scale bar, 5 nm.  (c) Comparison of far-field Raman (black, no tip) and TERS (red and 
blue) spectra taken at two locations on CNT-2 as indicated in (a).  Accumulation time of 
each spectrum is 1 s.  (d) Topographic profiles of the CNTs along three-arrowed lines in 
(b).  Circular shades represent the cross Section of each CNT.  The 10–90 % height 
transition indicated in profile- defines the spatial resolution, 1.0 nm, of our STM.  Note 
that profile- includes the bundling structure of CNT-2 and CNT-3 (Chen et al 2014, with 
permission).   
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Figure 27: TER spectra of (A) iron gall ink spot on 19th century historical paper engaged 
(blue) and retracted (black).  TER spectrum of (B) the AFM Ag-coated tip removed from 
the fibre immediately after data acquisition.  Normal Raman spectrum of (C) gallic acid 
powder.  Fragment of 19th century letter (D) and a micrograph of the paper crack (E).  
Red arrow indicates the spot where the AFM Ag coated tip was positioned.  Peaks 
corresponding to the vibrational modes of glucose are marked by ‘G’.  The asterisk (*) 
indicates the peak at 521 cm-1 which results from silicon on the AFM tip.  TER spectra 
acquired using λex = 532 nm; tacq = 4 s; Pex ≈ 0.36 mW.  Normal Raman spectrum 
acquired using λex = 785 nm; tacq = 10 s; Pex ≈ 1 mW (Kurouski et al 2014, with 
permission).   
4.2 SPM-optical microscopy (SNOM) 
In an optical imaging system, it is difficult to resolve separate points in the objective field beyond the 
diffraction limit. According to the Rayleigh criterion, the minimum resolvable distance d in lateral 
dimensions x and y is given by 
d =0.61/NA 
where  is the wavelength of illumination and NA is the numerical aperture of the objective. For best 
resolution, NA should be as high as possible. Although the theoretical maximum NA of a lens 
operating in air is 1, in practice, it is difficult to achieve values above 0.95. Similarly, for microscope 
objectives using immersion oil as the imaging medium, the theoretical maximum NA is 1.51 but 
usually the value is around 1.4. Thus in a conventional optical microscope assuming aberration-free 
imaging conditions and using visible light and oil immersion lenses, the resolution limit is close to 
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around 200 nm. One will have to look for other imaging options if there is a need to go below this 
resolution limit. 
Scanning near-field optical microscopy (SNOM) (also known as near-field scanning optical microscopy 
or NSOM) (Lewis et al 1984, Betzig and Trautman 1992, Heinzelmann and Pohl 1994, Kirstein 1999) 
is a technique which is able to overcome this limitation by scanning the sample surface with a sub-
micron optical probe held at very close proximity over the surface typically at distances smaller than 
the wavelength of the illuminating light.  In this non-destructive imaging method which belongs to 
the family of scanning probe microscopy techniques, the image resolution is thus determined by the 
dimensions of the optical probe and the probe-sample separation and not by the wavelength of light.  
The excitation and collection occurs in the near-field using either apertured or apertureless probes.  
In apertured probes, the laser excitation source is coupled into a fibre optic probe (Figure 28) or 
focused onto the backside of inverted hollow pyramids fabricated on cantilevers (Stopka et al 2000) 
(Figure 29) and then onto the sample.  Apertureless SNOM does not require passing light through an 
aperture close to the surface; instead, a sharp probe is used to scatter localized near-field light 
(Zenhausern et al 1995, Hillenbrand 2004).  Light scattered from the tip measures the near-field 
interaction between the tip and sample. 
 
Figure 28: The near-field fibre optic probe 
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Figure 29: Illumination through SNOM aperture in a cantilever 
Using SNOM, all conventional optical contrast-enhancing mechanisms including staining, fluorescence, 
and DIC, can be extended to the near-field in order to study the optical properties of the system at 
the nanoscale.  As SNOM can generate topographical and optical data from the sample surface 
simultaneously, these two data sets can be easily compared to provide insights in the relation 
between the physical structures and the optical contrast.  The technique can be used to study local 
optoelectronic properties such as photocurrent mapping, fluorescence, reflection and absorption, 
refractive index, or local stress, SNOM has been put to use in various high resolution studies including 
single molecule detection (Betzig and Chichester 1993, Veerman et al 1999), surface hydration 
(Kaupp et al 2001), and defect analysis (Tomanek et al 2010). 
Being a probe-based technique, SNOM is influenced by probe-sample interactions.  Investigating 
surfaces with large scale changes in topography might be tricky due to the very low working distance 
needed for near-field imaging.  Like AFM, it takes longer time to image larger surface areas.  SNOM 
imaging is also prone to artefacts associated with probe scanning including tip and sample damage. 
4.3 AFM-infrared spectroscopy 
Though AFM-Raman has proven useful for characterisation of a wide range of materials, recall from 
Section 2.3 that not all materials give a strong Raman spectrum, and that the selection rules for 
Raman and infrared spectroscopy are mutually exclusive.  Therefore, the ability to obtain infrared 
spectrum from materials at the nanoscale is a valuable complementary technique to AFM-Raman 
analysis.  Throughout this review, we have discussed several examples of how infrared absorption 
spectroscopy is used for chemical identification and quantitative analysis.  Scattering near-field 
scanning optical microscopy, discussed above, offers the ability to conduct sensitive mid-infrared 
spectroscopy on nanometre-sized features of interest in a sample under ambient conditions.  
However, it has been demonstrated by Lu et al (2014) that hybrid AFM-mid-infrared spectroscopy can 
achieve comparable or higher sensitivity by detecting mechanical forces exerted by molecules on the 
atomic force microscope tip in response to excitation by mid-infrared radiation.  The advantages of 
this mechanical approach to so-called ‘nanospectroscopy’, illustrated in Figure 30, is that it uses a 
simple optical set-up which, unlike SNOM, does not requires an infrared detector cooled by liquid 
nitrogen, is easier to align, and is not affected by sample scattering.  The history of the development 
of these techniques and their application in chemical imaging and spectroscopy has recently been 
reviewed by Meyers (2016). 
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Figure 30: Description of the AFM-IR experimental setup.  Polarised pulses of mid-
infrared radiation are focused on the sample.  The AFM cantilever deflects due to the 
molecular force action; the deflection is detected by a position-sensitive photodetector 
(PSPD) and the infrared response separated out via a lock-in amplifier (Lu et al 2014, 
with permission). 
4.4 AFM-confocal microscopy 
In conventional optical and fluorescence microscopy, light from an incandescent source illuminates 
the sample and a system of lenses magnifies the image.  However, since it is not just the plane of 
focus on the sample that is illuminated but there is a contribution of light from out-of-focus areas of 
the specimen above and below this point, the resulting image is blurred with a reduction in image 
contrast and a decrease in resolution.  Confocal microscopy prevents this out-of-focus blur in images 
by placing a pinhole aperture at the confocal plane of the lens which filters out the out-of-focus light.  
Since only in-focus light rays can pass, light from above and below the plane of focus of the object is 
eliminated from the final image.  Thus, due to the controlled and limited depth of focus, thin slices of 
the sample can be imaged with better optical resolution and image contrast and a 3D image of the 
whole sample can then be reconstructed from images of these thin slices obtained at different 
depths.  Though it is most widely used for imaging biological samples, which lend themselves to 
staining with fluorescent dyes to facilitate confocal imaging, the first commercial application of 
confocal microscopy was for quality control of silicon chips (Hoheisel et al 2001). 
When integrated into an atomic force microscope, the main advantages of this optical imaging 
technique are its ability to filter out-of-focus light thus improving the quality of images, to collect 
these high-resolution and high contrast two-dimensional images from selected depths, to reconstruct 
three-dimensional structures from optical Sections of thick specimens and thus allow visualization of 
sample interiors (König et al 2009).  In confocal fluorescence microscopy, sub-surface interfaces and 
embedded features in non-opaque specimens which are not accessible by using AFM or SNOM could 
be imaged with the help of specific fluorophores.  These fluorescent dyes allow better and sharper 
detection of the target functionalities which can then be mapped with high precision.  In confocal 
laser scanning microscopy where monochromatic lasers are used to excite the samples, very specific 
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fluorescence excitation wavelengths could be chosen which allows the use of multiple fluorophores 
targeting different areas of the same sample.  The technique can also be used to obtain surface 
profiles of larger areas in opaque samples.  The concept of optical Sectioning eliminates the artefacts 
that could be introduced by physical Sectioning during sample preparation. 
Due to the highly limited depth of focus, the quality of images obtained from the interior areas of the 
sample is improved as image information from a particular depth level is not superimposed by that 
from other depths.  However, the depth of imaging in confocal microscopy is limited by optical 
penetration and signal-to-noise ratio.  Even though confocal fluorescence microscopy is effective for 
mapping optically encoded functionalities, the technique is not efficient when it comes to specimens 
which cannot be tagged with fluorescent dyes.  Photobleaching of fluorophores could also render the 
specimen ineffective for confocal imaging. 
For studying systems which cannot be fluorescently labelled or which do not possess an electronic 
contrast, there is need for a sensitive technique which can identify components ideally based on their 
chemical composition.  AFM-Raman or AFM- infrared spectroscopy could be utilized in these cases. 
4.5 AFM-nanoindentation 
Nanoindentation is a microprobe based technique used to measure mechanical properties like 
hardness and elastic modulus of very small volumes of materials, thin films and surfaces (Fischer-
Cripps 2002).  In this technique, a tip of known geometry is pressed into the surface with a 
predefined depth of penetration or load and the subsequent load-displacement data is recorded, as 
illustrated in Figure 31.  When the tip is driven into the surface (loading) using a high-resolution 
actuator, the elastic and plastic deformations by the sample material cause a residual impression of 
the indenter tip to be formed on the surface.  When the tip is subsequently withdrawn (unloading), 
only the elastic portion of the deformation is recovered.  Mechanical properties are calculated from 
the unloading curve using the Oliver and Pharr theory (Oliver and Pharr 1992, Oliver and Pharr 2004).  
The area of contact of the residual impression, which is used for calculating properties including 
hardness and elastic modulus, is too small to be directly measured.  Instead, the area of contact is 
determined indirectly from the depth of penetration of the indenter tip into the surface (measured 
using a high-resolution sensor) and the indenter geometry.  There are stand-alone depth sensing 
indentation instruments which carry out nanoindentation tests and these nanoindenters are more 
accurate and standardised. 
Atomic force microscopes can also be used to perform nanoindentations.  The extreme sensitivity of 
the AFM on cantilever deflection and piezo movement helps us to get information about the 
mechanical properties of the top most nanometres of the surface (Wang et al 2001).  AFM based 
nanoindentation allows hardness measurements with standard sharp AFM tip along with simultaneous 
imaging of surface morphology.  Imaging the area before and right after the application of the load 
can be easily conducted with AFM and the shape and evolution of the indent can be studied as a 
function of time (Karapanagiotis et al 2002).  The AFM tip is used as an indenter but since the load on 
the tip is applied through a bending cantilever, it is not usually stiff enough to indent metals or 
ceramic materials (Tsukruk et al 1998, Tranchida et al 2006).  AFM nanoindentations are usually 
performed on soft matter systems such as biological materials or polymers (Tranchida et al 2009, Jee 
and Lee 2010). 
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Figure 31: A schematic representation of load versus indenter displacement data for an 
indentation experiment. The quantities shown are Pmax: the peak indentation load; hmax: 
the indenter displacement at peak load; hf: the final depth of the contact impression after 
unloading; and S: the initial unloading stiffness (Oliver and Pharr 1992, with permission). 
4.6 AFM-thermal analysis 
Scanning Thermal Microscopy (SThM), as already mentioned in Section 4.0, is an established imaging 
mode in AFM.  The SThM probe incorporates a metal film near the tip’s apex.  A voltage is applied to 
the probe, which can be varied to control probe’s temperature.  Operating in contact mode, the AFM 
rasters the probe over sample surface and measures the electric power required to hold cantilever at 
constant temperature.  This produces a map of the thermal conductivity at the sample surface.  In 
regions of high thermal conductivity, more heat is lost from the tip to the sample, so the electrical 
power required to maintain constant temperature increased.  Conversely, in low thermal conductivity 
regions, less heat lost from tip to sample, so the electrical power required to maintain constant 
temperature at the SThM probe’s tip is decreased. 
A development of SThM, heated-tip AFM uses a heated AFM probe to visualise high and low thermal 
conductivity regions in a sample.  Localised quantitative thermal analysis, often referred to as Local 
Thermal Analysis (LTA), is also possible using a variation this technique.  These techniques use silicon 
probes with highly doped conductive legs and a low doped resistive area close to the tip that afford 
spatial resolution in the nm range, as shown in Figure 32a (Fischinger et al 2014).  Applying a voltage 
across the cantilever legs induces an electric current, which gives rise to resistive heating in the tip 
region due to Joule heating.  In AFM-thermal analysis, the AFM system allows the thermal probe to 
engage onto the sample surface with a constant force; the tip temperature is controlled and 
measured by varying the voltage applied to the tip heater.  Unlike SThM, which is restricted to 
contact mode operation only, LTA may be conducted in contact or tapping imaging modes, or while 
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conducting nanolithography experiments.  It may be applied to any composite or phase-separated 
sample, but in materials science it has proven of particular interest in two research areas: polymers 
and nanocomposites. 
(a) 
 
(c) 
 
(b) 
 
 
(d) 
 
Figure 32: Operating principle of quantitative Local Thermal Analysis (LTA).  A doped AFM 
probe (a) is positioned on the area of interest on the sample surface.  As the tip heats, 
the deflection of the probe with respect to the applied tip voltage is recorded (b) 
(Fischinger et al 2014, with permission).  (c) Tip voltage vs. tip deflection calibration 
curve obtained from PET standard.  (d) Quantitative measurement of local 
thermomechanical response upon melting of PET domain in a PET-montmorillonite clay 
nanocomposite. 
Having obtained a heated tip AFM image of the sample to identify areas of interest for 
thermomechanical analysis, the probe is brought into contact with the area of interest.  Next, a 
voltage is applied to the probe to ramp up the temperature at the tip.  A typical response of a LTA 
measurement is illustrated in Figure 32b.  Decreasing displacement of the LTA probe – measured as 
z-sensor signal by the AFM’s photodiode detector (cf. Figure 22) – corresponds to thermal expansion 
of the sample.  If the sample then softens under the tip upon further heating, the tip begins to 
penetrate the sample locally underneath the heated probe.  The softening temperature is observed as 
an inflection of the LTA curve, as seen in Figure 32b.  The instrument may be calibrated by 
comparing the applied tip voltage vs. z-sensor signal against the known melting point of a standard 
material, such as polyethylene terephthalate (PET) polymer, as shown in Figure 32c  This allows the 
thermal properties of individual features within a heterogeneous sample to be studied, and 
quantitative measurements to be obtained; the example of melting point of PET-rich domains in 
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proximity to nanoclay platelets in a PET-montmorillonite clay nanocomposite is illustrated in Figure 
32d (Armstrong et al 2009).  Souier et al (2012) have described the use of LTA for nanoscale thermal 
analysis of multiphase poly(ethylene oxide)/cellulose polymer nanocomposites.  Similarly, Rivière et al 
(2016) used AFM-LTA to study nanocomposites of poly(lactic acid) and polyethylene reinforced with 
multi-walled carbon nanotubes (MWCNTs).  Compared to analysis techniques to determine bulk 
electrical, mechanical and thermal properties, the primary advantage of this hyphenated AFM-nano-
thermal analysis approach is that the data obtained are spatially resolved, so that local thermal 
phenomena may be observed which are otherwise overlooked when bulk methods, such as those 
introduced in Section 3, are applied. 
 
5 Case Study – Combining hyphenated and complementary techniques to elucidate the 
thermal stability and degradation mechanism of a model polymer compound. 
A supramolecular polymer is an assembly of small molecules bound together by secondary 
interactions, such as hydrogen bonds, rather than the covalent bonds found in conventional polymeric 
materials  (Shimizu 2007, Armstrong 2014).  Because a supramolecular polymer remains an extended 
structure formed from recurring repeat units, it may reasonably be expected to exhibit similar 
properties to conventional macromolecules.  They can adjust quickly to changing environmental 
stresses.  For example, ureidopyrimidinones exhibit low melt viscosity typical of organic compounds at 
elevated temperatures but display the mechanical properties of conventional polymers upon returning 
to room temperature (Sijbesma and Meijer 2003, de Greef and Meijer 2008).  This occurs because 
two 2-butylureido-6-methyl-4-pyrimidinone molecules (structure A, Figure 33) can spontaneously self-
assemble to form a dimer (structure B, Figure 33) by forming four hydrogen bonds at the sites 
highlighted in red.  Bifunctional N,N-1,6-hexanediyl(2-ureido-6-methyl-4-pyrimidone (structure C, 
Figure 33) spontaneously self-assembles in the same way to form a continuous supramolecular 
polymer chain, and the same behaviour has been reported for oligomers functionalised with 
ureidopyrimidinone groups at both ends.  .  The same principles of self-assembly have also been 
exploited by polymer chemists to enhance the material properties of several types of conventional 
polymer, including polyolefins, polyols and polymer liquid crystals (Armstrong 2014). 
Hydrogen bonds are weak compared to covalent chemical bonds.  The simple molecules used as 
repeat units in supramolecular polymers self-assemble into extended chain structures spontaneously, 
but the bonds formed are easily reversed.  Because of this, it has been observed for several classes 
of supramolecular polymer that the finished assembly may be annealed or undergo self-healing of 
defects.  Such capacity to self-heal could be of interest in many applications.  Thermal stability is of 
fundamental importance for polymers, both during processing (e.g.: injection moulding, hot melts) 
and in service if such supramolecular polymers are to be industrially useful.  In this case study, the 
thermal stability of two ureidopyrimidinone model compounds was examined in some detail 
(Armstrong and Buggy 2001, Armstrong and Buggy 2002) using a range of complementary 
hyphenated and hybrid analytical techniques. 
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Figure 33: Ureidopyrimidinone model compounds.  2-butylureido-6-methyl-4-
pyrimidinone (a) self-assembles to form a dimer (b) by forming four hydrogen bonds.  
These hydrogen bonds are highlighted in red.  Bifunctional N,N-1,6-hexanediyl(2-ureido-
6-methyl-4-pyrimidone (c) spontaneously self-assembles in the same way to form a 
continuous supramolecular polymer chain. 
First, samples of ureidopyrimidinone dimer model compound (structure B, Figure 33) were examined 
at 168X magnification under a hot-stage Olympus BX60 microscope fitted with a Reichert hot stage 
capable of heating to 300 ºC.  A saturated solution of the dimer in chloroform was prepared and 
dropped onto ordinary glass microscope slides and placed in a desiccator.  The solvent evaporated off 
slowly, leaving a powdery, even, thin film of dimer.  Each slide was mounted on the hot stage and 
heated slowly to the dimer’s melting point.  Then the heat source was switched off and the sample 
allowed return to room temperature.  Photographs were taken of the samples at each of these stages 
for later comparison. 
No changes were observed under the hot-stage microscope until the onset of melting, when the 
needle-like crystals rapidly began to sublime.  On returning to room temperature, it was noticeable 
that none of the original needle-like crystalline phase remained.  The remaining material had adopted 
a far finer morphology giving rise to a more evenly distributed film on the glass slide, as shown in 
Figure 34 below. 
(a) (b) 
(c) 
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Figure 34: Thin film of model compound before (a) and after (b) one heat/cool cycle at 
heating rate of 10 ºC/min in ambient atmosphere.  (Armstrong and Buggy 2001, with 
permission). 
DSC analysis of the dimer showed a single melting transition (Tm) at 220 ºC, although this decreased 
with additional heat/cool cycles, falling to 200 ºC after three cycles.  Comparing the FTIR spectra of 
dimer samples collected before and after the DSC heat/cool cycles indicated that the dimer’s tail 
degraded during the heat/cool cycles.  However, because the FTIR spectrum contained peaks from all 
the degradation products present in the recovered DSC sample, and the gaseous degradation 
products would have been lost during the DSC experiment, it was not possible to determine the 
sequence in which they were produced, or the mechanism of the degradation process. 
Therefore, thermogravimetric analysis (TGA) with subsequent evolved gas analysis (EGA) by GC-MS 
were conducted to determine the degradation mechanism of the hydrogen bonding dimer, to 
establish the conditions which a polymer based on the same hydrogen bonding motif could tolerate in 
service.  Average sample masses of 7 mg were used for TGA and EGA experiments.  First, the stages 
in the degradation process were established by TGA, as shown in Figure 35.  89 % of the initial 
sample mass was lost between 227 and 350 ºC and thermal degradation was found to occur in three 
stages, which may be seen in Figure 35.  On removal from the TGA, the sample pan was found to be 
covered with brown char corresponding to the 12.4 % residue remaining at step 3. 
(a
) 
(b) 
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Figure 35: TGA trace of dimer (TGA 951 instrument, 5 ºC/min heating rate, nitrogen 
atmosphere, purge gas flow rate 60 ml/min).  The three steps of the degradation 
process, determined from the rate of weight loss on the derivative curve, are labelled 1, 2 
and 3 (Adapted from Armstrong and Buggy 2001, with permission). 
Two evolved gas analysis experiments were carried out.  Both samples were heated to 500 ºC in a TA 
Instruments model 2950 instrument under identical conditions to the previous TGA experiments so 
that the results obtained from both analyses could be compared reliably.  In each experiment, 10 ml 
of samples of the exhaust gas from the sample chamber were collected from the mid-point of the first 
and second degradation steps, respectively, and passed through a stainless steel sampling tube 
containing tenax sorbent. The sampling interval was centred on 250 ºC for the first experiment and 
290 ºC for the second; these procedural temperatures corresponded to the maxima of the derivative 
weight loss (dTG) curve, which indicates the rate of the degradation process.  Afterwards, the 
sampling tube was placed in a Markes Unity thermal desorption unit coupled to a Hewlett-Packard 
6890 Gas Chromatograph with a Hewlett-Packard 5973 Quadrupole Mass Analyser detector. 
Mass spectra were recorded from 45 AMU upwards to avoid spurious peaks from traces of air and 
moisture, which inevitably arise in mass spectrometry.  These spectra were identified by comparison 
with library data using Hewlett Packard’s ChemStation software.  Whereas the sample trapped at   
250 ºC gave rise to several peaks, the sample trapped at 290 ºC gave only one prominent peak at 17 
minutes retention time; both are shown in Figure 36.  Both chromatographs include narrow peaks at 
8, 11 and 13 minutes’ retention time, which were attributed to silanes, a common contaminant in the 
GC used.  These peaks are unusually pronounced relative to those of the analyte, indicating that only 
a small amount of material was collected during each sampling interval.  It is therefore likely that the 
dimer degraded to generate mostly permanent gases such as carbon monoxide, carbon dioxide or 
water vapour, which would not have been trapped by the sampling tube used. 
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Figure 36: Gas chromatographs of samples taken during the first (black) and second 
(green) sampling regions identified from the TGA experiment shown in Figure 35. 
As may be seen from the mass spectroscopy results presented in Figure 37, butane-1-isocyanate was 
identified as the primary evolved gas in step 1 of the degradation process between 225 and 244 ºC, 
with some N,NY di-n-butylurea also present.  Figure 38 shows that N,N di-n-butylurea was the 
principal evolved gas detected in step 2 between 244 and 299 ºC.  Traces of pyridine, N-pentylidene-
1-butanamine and N-butyl-acetamide were also detected.  The N,N di-n-butylurea was probably 
formed by the reaction of two butane-1-isocyanate radicals.  Comparing the mass spectra of the first 
and second stages showed approximately the same abundance of molecular ions attributable to N,N 
di-n-butylurea throughout. 
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Figure 37: Mass spectra obtained for GC peaks at 6.5 minutes retention time (a) and 
corresponding library data match (b) - butane-1-isocyanate. 
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Figure 38: Mass spectra obtained for GC peaks at 17 minutes retention time (a) and 
corresponding library data match (b) - N,N’’di-n-butylurea. 
Comparing the mass loss steps observed by TGA and the mass spectroscopy data obtained during the 
first and second degradation stages, a three-step degradation mechanism was proposed for the 
dimer; this is illustrated in Figure 39.  In step 1 (225-244 ºC), the dimer’s butyl isocyanate tail was 
lost and N,N di-n-butylurea formed, corresponding to 41 % mass loss; the process is illustrated in 
Figure 39.  In step 2 (244-299 ºC), the remaining ‘head’ of the dimer pyrolised, corresponding to 46.6 
% mass loss.  The N-pentylidene-1-butanamine and N-butyl-acetamide detected during the second 
degradation step probably arose from degradation of the dimer’s tail, although there were only traces 
of them present.  A carbonaceous char (12.4 % of starting sample mass) remained above 299 ºC in 
step 3.  Subsequent studies of a polymer analogue (structure C, Figure 33) of the ureidopyrimidinone 
dimer model compound suggested that the polymer degraded following a mechanism which 
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paralleled that of the dimer (Armstrong and Buggy 2002): first, the urea linkage within the molecule 
cleaved, causing it to pyrolize; then the isocytosine rings (‘heads’) broke down, leaving a 
carbonaceous char. 
 
 
 
Figure 39: Proposed mechanism of step 1 of the ureidopyrimidinone dimer’s degradation 
process.  The dimer (1) cleaved into the isocytosine head (2) and butyl isocyanate tail 
(3).  The tail fragments subsequently reacted to from N,N di-n-butylurea (4).  In the 
second and third steps of the process, the head (2) and N,N di-n-butylurea (4) pyrolysed 
to form carbonaceous char. 
These studies showed that the thermal behaviour of ureidopyrimidinone supramolecular polymers is 
closer to that of low-molecular weight species than conventional polymers.  Although it was 
concluded that they cannot be safely heated above their melting points during processing or in 
service, this need not restrict their use unduly. Rather, successful application of supramolecular 
polymers will most probably follow from investigating alternative techniques such as processing in 
solution or in situ assembly.  Without the complementary data available from hot stage microscopy, 
DSC and TGA/EGA, it would not have been feasible to elucidate the multi-step degradation 
mechanism that the ureidopyrimidinones underwent upon heating beyond their melting point, which 
was key to understanding how best to process and use them in their prospective applications. 
Subsequent to this study, the ureidopyrimidinone chemistry has been commercialised by SupraPolix, a 
joint venture between DSM and Eindhoven Technical University to apply the approaches discussed 
here to self-healing polymers and coatings (de Greef and Meijer 2008, van Gemert et al 2012).  Most 
recently, the self-healing ability of supramolecular polyurethane coatings, in which up to 25% of the 
covalent bonds were substituted with hydrogen bonds, was investigated.  These coatings were shown 
to exhibit partial self-healing of scratches in the coating after thermal treatment, to restore the barrier 
properties of the coating (Deflorian et al 2013).   
 
6 Conclusion: Advantages, limitations, and a suggested approach to the use of 
hyphenated techniques 
As we have seen in the previous Sections, hyphenated analytical techniques offer a powerful 
approach to materials analysis.  They can offer the analyst a more complete understanding of a 
material’s physical properties to better understand how it will behave during process and in use, and 
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can be of particular benefit in quality control, failure analysis and forensic applications where limited 
amounts of sample are available and uncertainty in comparing data obtained from specific areas of 
interest in a specimen is eliminated. 
Nonetheless, hyphenated techniques are not without their limitations.  The result of an analysis 
conducted on a hyphenated instrument is typically obtained from two or more experimental data sets 
(i.e. one data set per technique used).  Each of these data sets includes some uncertainty due to 
random noise and/or experimental errors.  The overall variance in the result is the sum of all variables 
in the sequence of analyses conducted on the sample, plus the uncertainty associated with each 
variable.  Sample preparation and interactions between the sample and instruments strongly affects 
overall variance, and each analytical technique used in a hyphenated technique may require different 
sample treatments.  The analyst should always consider what effect these have on the sample.  
Without doubt, using hyphenated analytical techniques leads to more complex experiments and data 
analysis.  Therefore, in conclusion, a suggested approach to using hybrid methods is offered here. 
Based on their own experience in hyphenated analysis, the authors recommend that, for a new 
sample, the analyst begin by characterising the sample using each technique separately.  This allows 
the analyst to establish workable experimental parameters for each stage of the analysis and answer 
several vital questions.  Is the sample preparation appropriate for all the techniques to be used?  Can 
common experimental parameters for each technique be found?  Are suitable data analysis methods 
available?  Does each technique give the desired information about the sample?  Once these 
questions are answered satisfactorily, combine the analytical techniques chosen so as to minimise the 
complexity of the experimental programme.  If two separate complementary analyses provide all the 
information needed, then this may be sufficient.  If a hyphenated technique is required, consider 
running each analysis sequentially before progressing to simultaneous analysis.  Considerable time 
and effort are required to develop a successful simultaneous hyphenated analysis of an unknown 
sample, and this effort is most likely to be rewarded through increased efficiency in situations where 
multiple samples are to be analysed, or new insights in cases where separate complementary or 
sequential analysis cannot capture all the information needed to develop a complete understanding of 
a sample’s properties and behaviour. 
In addition to the combinations of techniques we have discussed, advances in combining three and 
even four complementary microscopy, thermal and spectroscopy methods are becoming established 
in many analytical laboratories.  A recent overview of emerging hyphenated techniques for 
characterisation of polymeric materials by Lin (2016) emphasises this point, even within one sub-
discipline, namely polymer science.  Considering the potential for extra complexity and operating cost 
such advances bring, a welcome note on which to conclude this topical review is to note that another 
significant area of recent progress is in the transition from hyphenated techniques whereby two 
standalone instruments are combined towards fully hybrid instrumentation in which both analytical 
methods are completely integrated: in fact, at the time of writing, all of the hyphenated techniques 
discussed in this review are commercially available as hybrid instruments from at least one vendor. 
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